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Chapter 1
GENERAL INTRODUCTION
1.1 Supramolecular chemistry
In nature complicated tasks are performed by molecules or ensembles of molecules which are
organized to function as one unit. A few examples are the digestion of food (catalyzed by
enzymes), the contraction of muscles and the replication of genetic information. The tasks in
which molecules are involved, are controlled in many cases by non-covalent interactions. With
more X-ray data of enzymes and nucleic acids becoming available, it was suggested that
mimicking the complex features of enzymes would require the study of simpler but still highly
organized ensembles of molecules and complexes of molecules.1 The area of chemistry which
attempts to control the behavior of molecules and ensembles of molecules by weak, non-covalent
interactions is called supramolecular chemistry and has been described as the “Chemistry beyond
the molecule”.2
1.2 Host-guest chemistry
An important part of supramolecular chemistry deals with the interactions between synthetic
receptors and molecules bound by these receptors, often referred to as host-guest chemistry. A
supramolecular complex consists of at least one host (a compound with converging binding sites)
and at least one guest (a compound with complementary, diverging binding sites) held together
by non-covalent interactions according to the definitions of Cram.3 Hydrogen bonding, ion
pairing, π-acid to π-base interactions, metal to ligand binding, van der Waals attractive forces and
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partially made and broken covalent bonds (transition states) are used examples of these non-
covalent interactions.
1.2.1 Complexation of charged guests
The first examples of synthetic host-guest complexes cited in the literature were the complexes of
the crown ethers 1 with alkali metal ions described by Pedersen.4 Crown ethers had been prepared
earlier and also their tendency to increase the solubility of alkali metals had been noted,5 but it
was not until the work of Pedersen that host-guest chemistry was really initiated. The two
dimensional crown ethers were extended to three dimensional cryptands 2 by Lehn.6 The steric
requirements in these cryptands are more severe than in crown ethers due to this third dimension,
which results in a higher size selectivity in cation complexation.
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Crystal structure determinations of these crown ethers and cryptands show that the free hosts are
folded and must rearrange to the appropriate geometry before complexation can take place. Cram
rationalized that a rigid, cyclic host in a geometry suitable for complexation, would probably act
as a better host than would a floppy non-cyclic one. To prove this theorem compounds 3 and 4
were synthesized.7 Host 3 (which he termed a spherand) is a rigid cyclic hexamer of p-
methylanisole with the methoxy oxygen atoms pointing inward. This compound is
"preorganized", and in the solvent applied (chloroform) its methoxy oxygen atoms cannot be
solvated and desolvation of the binding sites prior to complex formation is not necessary. Host 4
(termed podand) is the non-cyclic equivalent of spherand 3 which has greater conformational
freedom (only a few conformations have the correct geometry for complexation of cations) and
solvated oxygen positions. The free energy of complexation for the complex 3.Na+ is as great as
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∆G = -19.3 kcal/mol, and that of the complex 3.Li+ ∆G = -23 kcal/mol due to the preorganization
and solvation effect. For the podand 4 these values are ∆G > -6 kcal/mol.
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During the course of time the number of receptors capable of binding cations has been extended
greatly, but most of them are modifications of the original crown ethers, cryptands, and
spherands. Selective complexation of transition metal ions was achieved by the introduction of
the “softer” nitrogen and sulfur atoms into the crown ethers and cryptands.8
The main attractive forces in these complexes with cations, are electrostatic and ion-dipole
interactions and, in the case of ammonium ion complexation, hydrogen bonding.
Ammonium or guanidinium functions are used as binding sites in most hosts capable of anion
complexation, with the former being the best studied. The first reported example of a host for
anions (chloride) was 1,11-diaza-[9,9,9]-nonacosane 5, which selects the guest on the basis of its
size.9 Later examples of polyammonium hosts for halogen anion complexation closely
resembling the crown ethers and cryptands, are 610, 711 and 812.
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It is not surprising that these poly-ammonium hosts can be used also as hosts for cations when
they are in their free base form.13 The main attractive forces in the halide anion complexes are
electrostatic interactions.
Nature frequently uses the guanidine group of the amino acid arginine for the recognition of
carboxylates and phosphates. The first examples of synthetic hosts with guanidinium binding
sites for anion recognition, were the cyclic compounds 9 and 10,14 and a series of non-cyclic
hosts15 prepared by Lehn, who studied their interactions with several phosphate and carboxylate
anions in aqueous solution.
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The advantages of the guanidine group over the ammonium group as a binding site for anions are
the following: (i) the guanidine group can be used in a wider pH range, because of its higher pKa
value, (ii) once protonated, it perfectly matches phosphate, carboxylate and similar type of anions
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because of favorable electrostatics, (iii) the possibility to form two linear hydrogen bonds and the
fact that in the host-guest complex favorable secondary interactions are present.16
 The most important binding forces in cation complexation are ion dipole interactions, with
hydrogen bonding as an additional interaction in the case of ammonium type of guests. The
applicability of hydrogen bonding as a tool in anion complexation is greater due to the wider
range of anions capable of accepting hydrogen bonds. Phosphate and carboxylate anions bound
by hosts containing guanidinium groups are the best studied examples in the literature, but also
anions like sulfate, nitrate, iodate and chloride,17 and anionic metal complexes, like Fe(CN)6
4- and
Co(CN)6
3-,18 bound to hexaprotonated polyazacycloalkane hosts are well documented.
 Neutral hosts have been applied recently in the complexation of anions. In these cases, the
anions are bound by hydrogen bonding only. A popular binding group is the (thio)urea moiety as,
for example, in Hamilton's host 11, where it is used to bind the bisanion of glutaric acid in highly
competitive solvents such as DMSO (association constant 2500 M-1),19 or in Reinhoudt’s
calix[4]arenes (see 12) and calix[6]arenes where it is used for the binding of halogenides and
carboxylates.20
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1.2.2 Complexation of neutral molecules
The interest in host-guest chemistry has gradually shifted from the complexation of charged
guests to the complexation of neutral molecules during the last decade. Electrostatic interactions
are less important than hydrogen bonding, π-stacking and solvophobic “interactions” for the
binding of neutral guests. A well known example of a host which binds guests in water by the
latter type of “interactions” is cyclodextrin 13. A variety of neutral guests, such as aromatic
compounds and adamantanes can be included in its hydrophobic cavity.21 A synthetic, water
soluble host which binds neutral hydrophobic guests like perylene, pyrene, azulene and
1-adamantanol in water by inclusion in an apolar cavity is Diederich's cyclophane 14.22
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An advantage of using hydrogen bonds for the complexation of a guest over solvophobic
interactions is the strong directionality of the hydrogen bond, offering the possibility of very
subtle discrimination between closely related guests. Rebek noted that in macrocyclic hosts such
as those described above, functional groups connected to the hosts tend to diverge away from the
cavity and the enclosed substrates.23 This is in disagreement with earlier suggestions that a host is
“an organic molecule or ion with converging binding sites”.3 Rebek constructed molecular clefts
such as 15, based upon Kemp's triacid to overcome this problem.23 The amide binding sites in
these clefts adopt a convergent orientation due to the molecular framework.
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O
O
O
XH
O
O
HX
O
NN N
15
X = O, NH
A good example of a macrocycle with a hydrogen bond accepting site inside the cavity is
Whitlock's cyclophane 16.24 The naphthalene moieties of this compound are connected by one
pyridine spacer, providing a hydrogen bond accepting site, and two spacers that can be either
p-xylylene or 2,4-hexadiyne units. Replacement of two hexadiyne spacers by two xylylene
spacers increases the association constant for p-nitrophenol from 3000 to 400,000 M-1. This
increase was ascribed to several effects: (i) the replacement compresses the cavity size and
induces a tighter fit between the host and the guest. This is similar to the effect found with ion
complexation in (protonated) polyazacrown ethers. A tight fit is desirable for optimal binding.25
(ii) Introduction of the p-xylylene spacers also adds edge-face π-interactions between host and
guest. In the original summation of interactions, “π-acid to π-base” interactions following the
classic electron donor acceptor (EDA) model were considered.3 Not only face to face interactions
but also edge to face π-interactions (T-shaped geometry) are nowadays recognized as being
favorable for host-guest biding.26 A factor further increasing the stability of the complexes is the
inability of the solvent to enter the hosts cavity. This exclusion of solvent from the binding site is
supposed to contribute substantially to the stability of the host-guest complex.27
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Many of the aforementioned interactions are also operative in molecular clips of type 17
synthesized by Nolte and coworkers.28 The complex of 17 with resorcinol is based mainly upon
hydrogen bonding and (offset) π-stacking interactions. Certain solvent molecules (e.g.
chloroform) cannot enter the cavity of this molecular clip, and the filling of the non solvated
cavity is proposed to play a role in complex formation.29
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1.2.3 Supramolecular catalysis
Hosts of the types described above have been used as building blocks in synthetic systems
mimicking certain aspects of enzymatic catalysis in nature. A classical example is Breslow's
β-cyclodextrin based ribonuclease model.30 Ribonuclease catalyses the hydrolysis of RNA
chains. Two histidine imidazole residues function as catalytically active groups in this enzyme.
Breslow connected two imidazole groups to the primary sites of β-cyclodextrin and showed that
the resulting molecule was capable of selectively cleaving a cyclic phosphate ester. In this
example the reaction rate is increased by complexation of the substrate, positioning it in a
favorable position in the vicinity of the catalytic centers.
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In other examples where an increase in the reaction rate is observed, the hosts do not contain any
catalytically active groups. the rate enhancement in these is due to a concentration effect: when
two reagents are bound in the cavity of a host they are more inclined to react because they are in
closer proximity. The host frequently places the reagents in favourable positions for reaction.
A host which illustrates this principle was designed by Kelly.31 Template 18 is capable of binding
two substrates and can connect them via a simple Sn2 reaction. That this molecule works by
increasing the virtual concentrations of the reagents, can be deduced from the fact that the effect
of addition of 18 to the reaction mixture, becomes smaller when the initial concentrations of the
reactants increase (a higher reactant concentration lowers the difference between the bulk
concentration and the virtual concentration in the vicinity of the template).
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The cyclic porphyrin trimer 19 is a further example of a system working by to the same principle.
Zinc porphyrins were known to bind pyridine as axial ligands and Sanders and coworkers32
connected a diene (furan) and a dienophile (maleimide) to the 4 position of two pyridines. A
substantial amount of endo product was detected in the initial stage of the uncatalyzed reaction,
which converted slowly into the thermodynamically favoured exo product. Addition of host 19
not only strongly increased initial reaction rates at low concentrations, but also prevented the
initial formation of endo product.33
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1.3 Self-assembly
Synthetic molecules having nanometer sized dimensions are currently receiving considerable
attention in connection with the new research field of nanotechnology.34 Nanotechnology requires
the controlled formation of chemical structures in the nanometer range. Synthesizing structures of
this size by covalently linking molecules or molecular subunits requires much effort. The process
of self assembly is an easier way to construct nanosized structures.34 Several strategies can be
followed to achieve self assembly. One of them is to make use of lyotropic liquid crystallinity.
Amphiphilic molecules containing a solvophilic head group and a solvophobic tail may display
this property. The solvophobic tails of these molecules will attempt to minimize the interaction
with the solvent (in most cases water) by stacking together forming an aggregate, whilst the
solvophilic head groups will direct themselves toward the solvent.
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A parameter controlling the shape of the aggregates is the packing parameter p,35 which equals
v/a.l, where v and l stand for the volume and the length of the solvophobic tail of the amphiphilic
molecule and a stands for the area of the head group. P is related to the shape of the aggregate in
a way as shown in Figure 1.1.
Type of aggregate Shape of amphiphile
Micellar structure
Cone shaped
(p < 1/2)
Bilayer structure
Cone shaped
(p < 1/2)
Inverted structure (HII phase)
Inverted cone shaped
(p > 1)
Figure 1.1 Relationship between the packing parameter p and the aggregate structure.
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Care should be taken when estimating the head group area a. This area cannot always be obtained
by simply inspecting space filling molecular models or by using data from crystal structures,
since it can be influenced by solvation effects or specific interactions between the amphiphile
head groups (electrostatic attraction or repulsion, formation of hydrogen bonds etc.). The
sensitivity of the head group to solvation and specific interactions make it an attractive part of the
amphiphile to be used for aggregation control. An further interesting possibility to develop
tunable nanometer structures based on an amphiphile is to use headgroups that can bind guest
molecules. The head group area, and hence the type of aggregate formed can then be altered by
addition of suitable guests (see following section).
1.3.1 Tuning of self-assembled structures by host-guest interactions
The first host-guest building block to be used as a head group in amphiphiles was a crown ether.
Crown ethers were reported to form micellar structures, that, upon addition of alkali metal ions,
changed to bilayer structures.36 A special type of crown ether amphiphile, the so called bola-
amphiphile, was designed by Gokel and coworkers.37 They prepared a series of derivatives in
which crown ether rings were attached to both ends of an aliphatic chain (e.g. compound 20). The
aggregation behavior of these molecules in water was studied. Some of them formed vesicles.
The effect of alkali metal ions were not studied. Other building blocks used to prepare
amphiphiles are calixarenes,38 cyclophanes,39 cyclodextrins,40 and derivatives of diphenyl-
glycoluril (see section 1.4).
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1.4 Background of the present investigation
The initial efforts of the Nolte group in the field of host-guest chemistry were attempts to
solubilize cucurbituril 21. The synthesis of cucurbituril, although not yet recognized as such, was
described initially by Behrend et al.41 They obtained the compound by treatment of glycoluril
with formaldehyde in acid. They were not able to offer a structure for the compound but reported
a series of complexes with metal salts and dyes. In 1981 Mock and Freeman obtained single
crystals of a calcium sulfate complex of cucurbituril and resolved the structure by X-ray
analysis.42 The molecule appeared to be a cyclic dimethanoglycoluril hexamer (Figure 1.2).
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Figure 1.2 Structure of cucurbituril (a,b) and the transition state for a Diels-Alder reaction,
catalyzed by this molecule.
Cucurbituril also appeared to be a quite efficient host for (di)ammonium ions in acidic aqueous
solutions.43 The ability of this molecule to catalyze the 1,3-dipolar cycloaddition of (ammonium
salts of) propargylamine and 2-aminoethylazide in aqueous formic acid is of great interest.44 The
reaction is accelerated by a factor of 5.5 x 104 in the presence of cucurbituril, but due to slow
release of the product, the effective acceleration is only 4.9 x 102. The rate enhancement is
mainly the result of bringing the two reagents together. Another contributing factor is that the
size of the cavity is too small to hold both reactive molecules without strain. The molecules are
forced into the transition state geometry because of lack of space in the cavity, causing an
additional increase in reaction rate.
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Attempts to modify cucurbituril were frustrated by its insolubility in organic solvents (it dissolves
only in acids such as sulfuric acid, trifluoroacetic acid, and aqueous formic acid).45 The synthesis
of cucurbituril analogues from dimethyl- and diphenylglycoluril was attempted in order to
improve its solubility. The latter two compounds failed to produce cucurbituril analogues, but
they were recognized as being interesting concave building blocks for the construction of cavity
containing molecules. Diphenylglycoluril, for instance, was converted into metallocages 22,46 the
crown ether containing basket shaped host 23 capable of complexing alkali and ammonium
cations47 and neutral dihydroxy substituted aromatic compounds,48 and molecular clips of type 24,
also capable of binding dihydroxy substituted aromatic compounds.49
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The main binding interactions in the complexation of neutral dihydroxybenzene guests by host
24, were shown to be hydrogen bonding and π-stacking, and the association constants could be
adjusted by manipulation of the type of substituents attached to the cavity walls and to the
aromatic guests.49b,49c
The diaza crown derivative of basket 23 was used as a framework for connecting ligands capable
of binding metal centers for use in supramolecular catalysis. Compound 25 containing two Cu(II)
centers oxidizes alcohols to aldehydes.50 The shape selectivity exhibited by this receptor system
is remarkable and supports the idea that substrates, complementary to the receptor binding site
(e.g. 3-hydroxybenzylalcohol and 3,5-dihydroxybenzylalcohol) react at higher rates than non-
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complementary substrates. Connection of a Rh(I)(P(OPh)3)4 complex to the basket shaped host
(compound 26) gives a supramolecular catalyst which was found to significantly increase the
hydrogenation rate of allylbenzene guests bound in the cavity of the receptor. 51 This system
displays Michaelis-Menten kinetics and can be inhibited by the addition of sodium ions, which
bind in the crown ether rings of 26.
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Having achieved shape selectivity, the next step was to induce enantioselectiviy. For this purpose
chiral alcohol moieties were connected to the diaza crown rings of basket 23. The resulting chiral
host molecules were tested as catalysts in a Baylis-Hillmann reaction, a hydrocyanation reaction
and a p-hydroxythiophenol addition.52 Unfortunately, very little or no enantioselectivity could be
detected. The almost complete absence of enantioselectivity appeared to be due to the fact that
the chiral alcohol moieties formed hydrogen bonds with the urea functions of the host. The chiral
centers were turned away from the reaction centers because of these hydrogen bonds and were
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unable to create a chiral environment for reaction, as was indicated by X-ray crystallography,
1D NOE and 2D NOESY measurements.
The amphiphiles 2753 and 2854 are also based upon the diazacrown analogue of basket 23.
Dialkylation of 27 with methyl tosylate resulted in the quaternized ammonium compounds which
aggregated into vesicles after dispersion in water.53 Compounds 28a and 28b form both vesicles
and planar multilayer structures in acid or neutral water.54 Protonation of 28c leads to aggregation
in water to give tube-like structures. The aggregation behavior of the latter compound was also
studied in water containing alkali metal ions. It was found that the structure of the aggregate can
be finely tuned by changing the type of cation.54
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R = p-C6H4OC12H25
R = 3,4,5-C6H4(OC12H25)3
R = C11H23
Thermotropic liquid crystallinity can be introduced in diphenylglycoluril based systems by
connecting four 3,4,5-tris(dodecyloxy)benzoate groups to the cavity walls of the naphthalene
walled analogue of clip 24, viz. compound 29.54 The liquid crystalline behavior of 29 could be
adjusted by addition of guest molecules and both the type and the amount of guest changed the
thermal behavior of these clips. In some cases, however, the complexes were not stable enough
thermally and phase separation was found after repetitive heating and cooling.
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The strength of the complex between a diphenylglycoluril clip and a guest molecule can be
adjusted by placing substituents at cavity walls of the clip and in the guest (vide supra).
Unfortunately, the choice of substituents in the clip and the guest is quite limited and determined
by pre-conditions imposed on the system by the desired application. During these investigations
the need for an additional possibility to control the strength of the complex arose and it was
rationalized that the easiest method to achieve this, would be to alter the binding sites on the clip
molecules.
1.5 Scope of this thesis
This thesis deals with the introduction of new binding sites in molecular clips based on
diphenylglycoluril. Prior to the work described in this thesis, these binding sites were exclusively
on urea. In Chapter 2 the introduction of thiourea and guanidine binding sites in the clip
molecules is described. The reduction of the urea groups to yield new types of clips is reported in
Chapter 3. The aminal moieties that are formed appear to be remarkably stable. The binding
properties of the new clips are discussed in Chapter 4. Alkyl chains connected onto the exocyclic
guanidine nitrogen atoms of the clips were shown to fold back into the cavity and disturb the
excellent binding properties of the guanidine binding sites. Chapter 5 describes efforts to modify
the chiral receptors, that failed previously to induce enantioselectivity in reactions, with sulfur
binding sites. These sulfur sites were surprisingly rather unstable and could be replaced under
very mild conditions, this in contrast to the thiourea sulfur sites discussed in Chapter 2. The
current interest in aggregate formation and control of the aggregate structure by host-guest
interactions led to connecting long aliphatic tails to the guanidine containing clips and to disperse
these molecules in aqueous solutions (Chapter 6).
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2 
Chapter 2
INTRODUCTION OF THIOUREA AND GUANIDINE BINDING SITES IN
CLIP MOLECULES
2.1 Introduction
Diphenylglycoluril based molecular clips of type 1 have been studied extensively over the past
decade.1,2  The binding affinities of these molecules toward resorcinol and other dihydroxy-
benzene guest molecules were investigated thoroughly and it was concluded that binding of the
guest in the clip occurs by hydrogen bonding and π-stacking interactions.1 The effect of
modifications in the cavity walls of the clips, and in the guests, on the binding have been
published recently.1,2
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This thesis will focus on the influence of modifications in the hydrogen bonding sites of the clips.
Such modifications offer an additional possibility of controlling the binding properties, which is
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important for possible applications of the clip molecules. The use of clips as building blocks for
supramolecular catalysts, or as components in molecular materials, often restricts the freedom of
choice of cavity wall and guest substituents. Control of the binding strength through
modifications of the hydrogen bonding sites may, in those cases, be an interesting option.
Furthermore, by changing the hydrogen bonding sites, more insight may be obtained into the
factors determining the complexation of guest molecules in the clips.
It was rationalized that the most logical modification would be the conversion of the urea groups
into the structurally related thiourea or guanidine groups. Such conversions have been well
described in literature. 3,4 Guanidine functions are known to provide efficient binding sites, both in
natural systems (as the functional group of the amino acid arginine 2 and the DNA base guanine
3) and in supramolecular systems. Guanidines are used for the binding and activation of
carboxylic and phosphonic acids or esters (Figure 2.1).5 Synthetic guanidine containing host
compounds have been shown to be able to bind these charged species even in competing solvents
such as DMSO, methanol and water.
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Figure 2.1 Structures of naturally occurring molecules containing guanidine functions:
(arginine 2 and guanine 3), geometry of the complex of a guanidine group with a
carboxylic acid (4). Possible way of binding of a hydroxybenzene guest in a clip
molecule with a guanidine group (5).
The geometry of the complex of a hydroxybenzene guest with a clip molecule containing a
guanidine group (5) will be different from the geometry (4) of the guanidine carboxylate complex
in nature (see Figure 2.1). Nevertheless, it was hoped that the introduction of guanidine binding
sites in clips 1 would firmly increase the binding strength of the host-guest complex.
The reason why guanidines efficiently bind acids lies in the strong basicity of these groups. The
pKa of guanidinium sulfate in water is 13.6.
6 Simple alkylation of the guanidine function has only
a marginal effect on the pKa (pKa methylguanidinium sulfate = 13.4, pKa pentamethylguanidinium
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iodide = 13.8). Other substituents, however, can induce strong changes in the pKa value. A
ρ-value of -22.6 was found by Taylor and Wait when the pK a values of a series of
monosubstituted guanidinium salts were correlated with Hammett σ-constants.6
Chart 2.2
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This very large ρ-value is remarkable. The actual pKa values of the guanidinium salts used by
Taylor and Wait ranged from 14.38 for the non-substituted guanidinium salt, 10.77 for the
phenylguanidinium salt, to -0.98 for the nitroguanidinium salts. The discrepancy between the pKa
value of 14.38 measured by Tailor and Wait for the non-substituted guanidinium salt and the
value of 13.6 quoted above, is caused by a statistical correction for the number of acid protons
which was used to obtain a good correlation.
The known strong basicity of the guanidine function and the sensitivity of its pKa value to
substituents attached to its nitrogen atoms, make this function an attractive replacement for the
urea binding site in clip molecules 1.
2.2 Attempted syntheses starting from urea based molecular clips
It was decided to introduce the guanidine functions in 1 as late as possible in the synthetic route
for reasons of efficiency. This would provide a series of different types of clip molecules in a few
additional steps.
In a first approach attempts were made to alkylate one of the carbonyl groups of 1 to give clip 6
(Scheme 2.1) with an alkylisourea functionality. This could be a versatile intermediate for the
conversion of the urea into guanidine groups.3 All attempts,  to alkylate the urea oxygens were
unsuccesful.7 It was then rationalized that a thiocarbonyl function should be easier alkylated than
a carbonyl function. It was decided therefore to synthesize guanidine-containing clips via the
diphenyldithioglycoluril based clip 7.
Treatment of clip 1 and compound 8 with P2S5, or Lawesson’s reagent in various solvents was
unsuccessful and no reaction occured.3
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Scheme 2.1 Attempted modifications of the urea functions in clip 1 and the clip precursor 8.
Difficulties in converting carbonyl functions into thiocarbonyl functions have been reported for
amide type carbonyl groups. Heimgartner and coworkers have shown that thionation of
N,N-disubstituted amides with Lawesson's reagent is a slow reaction.8 Voß made a detailed study
of the thionation of tetrasubstituted ureas, and found that the yields dropped when the steric bulk
on the nitrogen atoms was increased.3f He showed that the tetrabenzyl urea could not be
converted to the corresponding thiourea using the then known reagents. In the present case the
urea groups can also be regarded as tetrabenzyl substituted ureas and it may be concluded that the
conclusion of Voß still holds true, even using more powerful modern thionating reagents.
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In view of the inability to convert the urea functions of 1 into thiourea functions, it was decided
to synthesize the thiourea clips starting from thiourea using the same general route as described
for the corresponding urea clips.
2.3 Synthesis starting from thiourea
Diphenyldithioglycoluril 10, the first intermediate in the synthesis of thiourea based molecular
clips (Scheme 2.2), was first described by Anschütz and Geldermann in 1890.9 A procedure
similar to the one described by Butler and coworkers in 1989 was used for its current synthesis.10
Benzil and thiourea were condensed under basic conditions to form diphenyldithioglycoluril 10
in 70% yield. Treatment of 10 with paraformaldehyde, as described for the synthesis of 8,
resulted in partial replacement of the sulfur atoms by oxygen leading to a mixture of 8, 9 and 11
in approximately equal amounts (total yield 80%).11 The use of acidic conditions in this reaction,
with cyclohexane as solvent and azeotropic removal of water, allowed the conversion of 10 into 9
in good yields (85%) without the formation of any byproduct 11. Single crystals of 9 could be
obtained by slow diffusion of a dichloromethane solution of 9 in hexane. The structure of 9 was
confirmed by X-ray analysis (see Figure 2.2).12
Compound 9 was treated with two molecules of 1,4-dimethoxybenzene at a slightly higher
temperature than described for 81 to give clip 12a in 95% yield.
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Scheme 2.2 Synthesis of thiourea clip 12.
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Figure 2.2 Crystal structure of 9. Hydrogen atoms have been omitted for clarity.
2.4 Modification of the thiourea functions
2.4.1 Alkylation
The alkylation of 9 with several reagents was attempted in order to convert the thiourea functions
of 12a into guanidine functions. There are numerous precedents in the literature in which a
thiourea group is converted into a guanidine group via an alkylisothiourea intermediate.13 Neither
MeI nor Me2SO4, used frequently as alkylating agents
14 were successful at room temperature,
heating under reflux (4 days) or under conditions of high pressure (12 kBar, 30 hr). The addition
of two equivalents of the more powerful alkylating agents, e.g. Et3OBF4 and methyl triflate
(MeOTf) to a solution of 9 in dichloromethane resulted in the formation of a new compound as a
white precipitate. In the NMR-spectrum of this compound the original AB pattern of the
methylene protons had changed into two pairs of AB signals, one at approximately the same
position as the original signal and a new one shifted upfield. This indicated that only one
thiocarbonyl function of 9 had been alkylated.
Alkylation of 12a with Et3OBF4 and MeOTF was also investigated. Only monoalkylation was
found again after stirring the reaction mixture at room temperature for one night with two
equivalents of these reagents. NMR spectroscopy indicated that some starting material was also
present in the reaction product. A trace of what was probably the dialkylated product was
detected when 12a was treated with large excesses of these reagents. Lempert has been able to
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alkylate both sulfur positions in diphenyldithioglycoluril 10 with the relatively mild alkylating
agent MeI.14b He carried out the reaction under basic conditions, and obtained the uncharged
compound S,S'-dimethyldiphenyldithioglycoluril 13 (see Scheme 2.3), which was converted into
7,8-diphenylglycoluril-2,5-dibenzylimide 14 by treatment with benzylamine in boiling n-butanol.
NHHN
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S
PhPh
NHN
N NH
SMe
SMe
PhPh
NHHN
HN NH
NBz
NBz
PhPh
1) KOH, DMF/MeOH
2) MeI
BzNH2
n-BuOH ∆
10 13 14
Scheme 2.3 Conversion of the thiourea functions in diphenyldithioglycoluril 10 into guanidine
functions as described by Lempert.14b
The difference in reactivity between diphenyldithioglycoluril 10 and clip 12 is remarkable. The
observation that 10 can be fully alkylated may be due to the fact that this compound can release
the positive charge introduced by alkylation of the sulfur through deprotonation of nitrogen. Clip
12 does not have this possibility, and the positive charge in 15 may prevent the alkylation of the
second sulfur position to give 16 via charge repulsion (Scheme 2.4). A second reason for the fact
that only monoalkylation of 12 occurs could be the low solubility of the monoalkylated product
in the solvent used (dichloromethane).
 The amount of dialkylated product was found to be higher with EtOTf than with MeOTf as the
alkylating reagent, but it was still the minor product, even with a large excess of this reagent A
2:1 ratio of monoalkylated to dialkylated product was obtained using 10 equivalents of EtOTf.
Since MeOTf is more reactive than EtOTf, it can be concluded that the low solubility of 15 is the
main reason for the rather selective monoalkylation of 12 by MeOTf and EtOTf.
The observation that doubly alkylated products are formed immediately upon reaction of the
more soluble compound 12b with MeOTf provides additional evidence for this conclusion.
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Scheme 2.4 Alkylation of clip 12a.
2.4.2 Substitution of the alkylated thiourea functions of 15a
A solution of compound 15a was treated in situ with ammoniato give the guanidine containing
clip 18a (Scheme 2.5). Free base 18a  is a high melting compound, and was fully characterized
by elemental analysis and various physical methods (see experimental section). Attempts were
also made to isolate the salt of 18a for studies on the effect of the guanidinium cation on host-
guest binding properties. Protonation of the clip with hydrochloric acid or perchloric acid resulted
in insoluble salts. The corresponding N-n-butyl derivative 18d was prepared from 12 in order to
improve the solubility problem. This material was soluble in chloroform but the introduction of
the butyl group in 18 caused the NMR signals of the free base to broaden at room temperature.
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Scheme 2.5 Conversion of the thiourea functions of 12 and 17 into guanidine functions.
Temperature dependent 1H-NMR spectral determinations were performed in order to investigate
wether the broadening was due to a nitrogen inversion process or to flipping of the walls, as
found in clips with naphthalene walls.15 Attempts were made to sharpen the signals in the
spectrum by raising the temperature above the coalescence point. This proved to be impossible in
CDCl3. The coalescence temperature of a dynamic process in NMR is related to the difference in
frequency of the split signals and, therefore, depends on the strength of the magnetic field.16 No
coalescence could be achieved by increasing the temperature when using a 400 MHz instrument
and CDCl3 as the solvent. Raising the temperature whilst using a 90 Mhz instrument resulted,
however, in a sharp spectrum.
Introduction of thiourea and guanidine binding sites in clip molecules
41
A sharp 400 Mhz spectrum was obtined when the sample was subjected to cooling. Some of the
signals were split in two signals of equal intensity at -9 °C. These observations suggested that the
broadening was caused by inversion at the nitrogen center of the guanidine group. If flipping of
the wall had been the reason for the line broadening, the signals probably would have been split
into more than two, and an exact 1:1 ratio could not have been observed.15
When secondary amines (piperidine and pyrrolidine) were used as the nucleophiles in the
reaction with 12a the reaction mixtures remained suspensions indicating that no pruduct 18 was
formed. A clear solution was obtained upon addition of water and the mixed urea/thiourea clip
17a was then isolated. This was compared with an authentic sample obtained after addition of
water and a few drops of a 1N aqueous NaOH solution to 15a.
It was thought that the piperidine or pyrrolidine nitrogens could not approach the methylated
thiocarbonyl group of 15a for steric reasons. The electrophilic carbon lies inside the cavity of this
clip which explains why 17a and no 18 was obtained after processing. The sterically bulky
t-butylamine was then used as the nucleophile to test this hypothesis. This compound is a primary
amine and should be able to produce stable guanidines in the absence of steric effects.
No reaction was observed upon addition of t-butylamine to 15a until water was added to the
reaction mixture which resulted in the immediate formation of 17a. This result is in agreement
with those of Barton et al., who showed that N ,N ,N ',N'-tetra-isopropylthiourea, as the
corresponding Vilsmeier Salt reacts rapidly and in good yields with ammonia and linear primary
amines but very slowly (three weeks in boiling acetonitrile) and in low yield with t-butylamine.17
No guanidine formation was observed in our clip compounds with neopentylamine and
3,3-dimethylbutylamine was the shortest t-butyl containing primary amine which reacted with
alkylated thiourea clip 15a.
The mixed urea/guanidine clips 19a and 19d were obtained from clip 17a, using ammonia or
n-butylamine as the nucleophile.
The attachment of aliphatic tails to the aromatic walls of the molecular clips would be an
alternative method of increasing the solubility of the guanidinium salts in organic solvents.
Compound 12b, in which the dimethoxybenzene walls have been replaced with
dioctyloxybenzene units was synthesized using conditions similar to those described for 12a.18
Reaction of this compound with MeOTf and subsequently with ammonia gave clip 19b, whose
tetrafluoroborate salt was found soluble.
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2.4.3 Crystal structures
The introduction of the guanidine function could alter the shape of the clip molecule, and to
investigate this possibility single crystals suitable for X-ray analysis were required. These were
obtained succesively from 18c and 18d.HClO4, by allowing a chloroform solution of the free
base of 18c, and a dichloromethane solution of 18d.HClO4, to slowly diffuse into hexane.
In the case of 18c the data were refined to an R-value of 0.089.19 The unit cell contained two
independent molecules of 18c and one independent molecule of chloroform. These two
independent clip molecules (A and B) had slightly different conformations. The most important
difference was the twist in the skeleton, as expressed by the Ph-C9-C11-Ph' torsion angle, which
amounted to 12.8° in conformer A and -22.9° in conformer B (Table 2.1). In the crystal structure
of compound 1 this angle is -22.8°. The centers of the cavity walls are at a distance of 6.90 Å in
conformer A and at a distance of 6.82 Å in conformer B (6.66 Å in compound 1, see Table 2.1).
The chloroform molecule is within hydrogen bonding range of the guanidine function of
conformer B, although care should be taken because of disorder in this region (this disorder is
one of the main reasons for the relatively high R-value).
The X-ray data of compound 18d.HClO4 were refined to an R-value of 0.113. Only one
independent molecule of 18d.HClO4 and two independent solvent molecules (dichloromethane)
were present in the unit cell. The acidic proton could not be positioned properly, and the R-value
was rather high, but no distinct region could be pointed out as being troublesome. This set of data
was good enough for the required purpose since the standard deviations in the atomic coordinates
did not exceed 0.003 Å.
It can be seen in Figure 2.3, that the X-ray structures of 1, 18c A, 18c B, and 18d.HClO4 all have
the same cleft shape geometry. Some representative data describing the essential characteristics
of the structures are also given in Table 2.1.
The almost complete absence of a twist in structure 18c A which adopts a nearly pseudo C2v
symmetry is noteworthy. The center to center distance in this molecule has increased compared
with 1. This larger distance is probably caused by steric constraints. It may be concluded that
changing the hydrogen bonding sites in the clip molecules causes some minor changes in their
geometry, which are probably not deleterious for the binding process.
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Figure 2.3 Front and side views of the conformations of 1, 18c and 18d.HClO4 in their crystal
structures. Hydrogen atoms, solvent molecules and counter ions have been omitted
for clarity.
Table 2.1 Some characteristic X-ray data of clips 1 and 18.
Compound Torsion angle
Ph-C9-C11-Ph'
Torsion angle
cent.-C9-C11-cent '
Center to
center' distance
1 -22.8° 9.2° 6.66 Å
18c A 12.8° -5.9° 6.90 Å.
18c B -22.9° 15.2° 6.82 Å
18d.HClO4 26.0° -12.2° 6.81 Å
 9 11
NN
N N
X
Y
Ph'Ph
OMe
OMe
MeO
MeO
center center'
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2.5 Experimental
For the alkylation and modification reactions reagent grade dichloromethane stabilized with
amylene was used, which was dried and stored over Mol. Sieves 4Å. Dichloromethane and
chloroform used for chromatography were distilled using a rotary evaporator. All other solvents
were reagent grade. Ammonia was dried by passing this gas through a drying tower containing
CaCl2 and KOH pellets. Liquid amines were distilled from KOH pellets and stored over this
reagent. All other reagents were used as delivered.
Melting points were determined using a Reichert melting point microscope and are uncorrected.
IR spectra were recorded on a Perkin-Elmer IFT 1720 X spectrometer or on a Bio Rad FTS 25
spectrometer. 400 MHz 1H NMR and 100 MHz 13C NMR spectra were recorded on a Bruker AM
400 spectrometer at room temperature unless otherwise specified. TMS (0 ppm) was used as the
internal reference for 1H NMR. For 13C NMR CDCl3 (77.00 ppm) or DMSO d6 (39.50 ppm) were
used as the internal references. 90 MHz 1H NMR spectra were recorded on a Bruker WH 90
spectrometer. Mass spectra were obtained on a VG 7070E instrument. Elemental analyses were
obtained on a Carlo Erba strumentazione 1180CHNS/O elemental analyzer.
NN
N N
X
Y
1'
2'
1
2 3
4
5
6 7
8 9
H
H
10
3'
4'
5'
H
H
8' 9'
2a 2b
2a' 2b'
RO OR
ORRO
Figure 2.4 Atom numbering used in the interpretation of the NMR spectra.
The atom numbering used in the characterization of the compounds is given in Figure 2.4. The
labels with a prime are only used when X and Y are different. Atoms in the octyl tails connected
to the walls are labeled with α−ω. Atoms in the tails connected to the guanidine nitrogen are
denoted in the text.
Tetrahydro-3a,6a-diphenyl-imidazo[4,5-d]imidazole-2,5(1H,3H)-dithone, 10
This compound was synthesized using the procedure described by Butler et al.10 When the
original procedure was followed on a larger scale (20-50 g benzil) the yield dropped to 44%. In
Compound X Y R
12 S S a: Me b: n-C8H17
17 S O a: Me b: n-C8H17
18 S NR’ a,c,d,e: Me b: n-C8H17
19 O NR’ a,c,d: Me b: n-C8H17
Introduction of thiourea and guanidine binding sites in clip molecules
45
contrast to the literature procedure a Dean Stark apparatus was used for the azeotropic removal of
water and the reaction mixture was heated to reflux for 6 hrs instead of the original 3 hrs.
Removal of water and prolonged heating resulted in a yield of 70%. Longer reaction times should
not be used, The crude yield increases, but there is a slight exchange of sulfur by oxygen
reducing the isolated yield of 9 in the next step.20
Dihydro-8b,8c-diphenyl-1H,3H,4H,5H,7H,8H-2,6-dioxa-3a,4a,7a,8a-tetraazacyclopenta[def]
fluorene-4,8-dithione, 9
To a suspension of (36 g, 0.11 mol) of 10 in a mixture of 300 ml of cyclohexane and 30 ml of
TFA was added 13.6 g (0.45 mol, 4.1 equiv.) of paraformaldehyde and the reaction mixture was
stirred for 1 h at room temperature followed by stirring at reflux temperature with azeotropic
removal of water and TFA for 6 hrs. After cooling the product was isolated by filtration and
washed with small amounts of water and ether. The crude product was purified by column
chromatography on a short column (SiO2 70-230 mesh, eluent dichloromethane) and dried in
vacuo over P2O5. Yield 38.5 g (0.09 mol, 85%) of 9 as a white powder. Single crystals were
obtained by slow diffusion of a dichloromethane solution of 9 in hexane: m.p. 304 °C (dec.);
IR (KI) no carbonyl absorption; 1H NMR (CDCl3) δ 7.15 (s, 10H, ArH), 6.26 and 4.80 (2 x d, 8H,
NCHHO, 2J 10.9 Hz); MS (FAB) m/z 411 [M+1]+, 100%). Anal. Calcd for C20H18N4O2S2:
C, 58.52; H, 4.42; N, 13.65; S, 15.62. Found: C, 58.46; H, 4.32; N, 13.50; S, 15.46.
5,7,12,13b,13c,14-Hexahydro-1,4,8,11-tetramethoxy-13b,13c-diphenyl-6H,13H-5a,6a,12a,13a-
tetraazabenz[5,6]azuleno[2,1,8-ija]benz[f]azulene-6,13-dithione, 12a
A mixture of (4.0 g, 9.7 mmol) 9 was stirred in 15 ml of Ac2O/TFA (1/1, v/v) at 110 °C for 30
min. Subsequently 3.0 g (21.7 mmol) of 1,4-dimethoxybenzene was added and the reaction
mixture was stirred for another 30 min. at 110 °C. After cooling down 30 ml of methanol was
added carefully (caution: reacts exothermic) while vigorously stirring. Stirring was continued for
1 h and the product was isolated by filtration and washed with ether. The crude material was
purified by flash chromatography (SiO2 60H, eluent dichloromethane) and dried in vacuo over
P2O5 to yield 6.0 g (9.3 mmol, 95%) of 12a as a white powder. This product was used for the
further reactions. For analysis and determination of binding constants a sample was redissolved
in dichloromethane and after filtration of the solution over infusorial earth precipitated in hexane
while vigorously stirring. The precipitate was collected by filtration and dried in vacuo at 80 °C:
m.p. 270 °C (dec.); IR (KI) no carbonyl absorption; 1H NMR (CDCl3) δ 7.06 (m, 6H, H9,10), 6.97
(m, 4H, H8), 6.72 (s, 4H, H5), 6.12 (d, 4H, H2a, 
2J 15.7 Hz), 4.11 (d, 4H, H2b, 
2J 15.7 Hz), 3.82 (s,
Chapter 2
46
12H, 4 x OCH3); 
13C NMR (CDCl3) δ 182.58 (2C, C1), 151.54 (2C, C4), 133.24 (2C, C7), 128.85
(2C, C10), 128.63 (4C, C9), 128.03 (4C, C8), 126.48 (4C, C3), 112.59 (4C, C5), 92.26 (2C, C6),
57.24 (4C, OCH3), 40.88 (4C, C2); MS (FAB) m/z 651 ([M+1]
+, 100%). Anal. Calcd for
C36H34N4O4S2.1/2 H2O: C, 65.53; H, 5.35; N, 8.49; S, 9.72. Found: C, 65.25; H, 5.14; N, 8.49;
S, 9.57.
General procedure for the modification of the clips 12a.
In a flame dried flask 300 mg (0.46 mmol) of 12a was suspended in 10 ml of dichloromethane
under an inert atmosphere. To this suspension was added 55 µl. (1.1 equiv.) of MeOTf and the
reaction mixture was stirred for one night. The next day the precipitate (15a) was isolated or an
excess of the nucleophile was added to the reaction mixture followed by the work up procedure
given below.
Methyl-(5,7,12,13b,13c,14-hexahydro-1,4,8,11-tetramethoxy-13-thiono-13b,13c-diphenyl-
6H,13H-5a,6a,12a,13a-tetraazabenz[5,6]azuleno[2,1,8-ija]benz[f]azulene-6-ylidene)-sulfonium
trifluoromethylsulfonate, 15a
This compound was isolated by filtration and washed with small amounts of dichloromethane.
After drying in vacuo over P2O5, 285 mg (0.35 mmol, 76%) of 15a was obtained. 
1H NMR
(DMSO d6) δ 7.34 (m, 2H, H8'), 7.25 (m, 6H, H9,9',10) 6.99 (m, 2H, H8), 6.96 (d, 2H, 2J 9.2 Hz),
6.94 (d, 2H, 2J 9.2 Hz) (H5,5'), 5.95(d, 2H, H2a, 
2J 15.6 Hz), 5.68 (d, 2H, H2a', 
2J 16 Hz), 4.57 (d,
2H, H2b', 
2J 16 Hz), 4.18 (d, 2H, H2b, 
2J 15.6 Hz), 3.79 (s, 6H), 3.76 (s, 6H) (4 x OCH3), 2.96 (s,
3H, S-Me+); 13C NMR (DMSO d6) δ 181.45 (1C, C1), 171.51 (1C, C1'), 150.87 (2C, C4), 150.26
(2C, C4'), 130.02 (2C, C8'), 129.77 (2C, C7), 129.14 (2C), 128.99 (2C), 128.13 (2C) (C9,9',10),
127.76 (2C, C8), 126.30 (2C), 122.99 (2C) (C3,3'), 113.76 (2C), 112.38 (2C) (C5,5'), 94.109 (2C,
C6), 56.68 (2C), 56.36 (2C) (4 x OCH3), 41.90 (2C, C2/2'), 17.03 (S-CH3
+). The missing C2/2' and
triflate signals probably lie in the DMSO multiplet between 38.9 and 40.1; MS (FAB) m/z 665
([M-OTf]+, 100%). The isolated product was not pure enough to obtain a satisfactory analysis.
5,7,12,13b,13c,14-Hexahydro-1,4,8,11-tetramethoxy-13b,13c-diphenyl-13-thioxo-,cis-6H,13H-
5a,6a,12a,13a-tetraazabenz[5,6]azuleno[2,1,8-ija]benz[f]azulen-6-one, 17a
To the reaction mixture containing 15a, 1 ml of water was added and 3 drops of an aqueous 1N
NaOH solution. This mixture was stirred firmly until a clear solution was obtained (± 5 min.).
After separation of the layers the organic phase was washed with 3 ml of water (2x), dried over
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Na2SO4 and concentrated. The product was purified by column chromatography using a short
column (SiO2 70-230 mesh eluent dichloromethane) to remove 12a followed by elution with
chloroform/methanol (99/1, v/v) to collect 17a as a white powder. This product was dissolved in
a minimal amount of dichloromethane and after filtration of the solution over infusorial earth
precipitated in hexane while vigorously stirring. The precipitate was collected by filtration and
dried in vacuo at 80 °C to yield 246 mg (0.39 mmol, 84%) of snow-white 17a: m.p. (> 350 °C);
IR (KBr) 1724 cm-1 (C=O); 1H NMR (CDCl3) δ 7.10--6.98 (m, 10H, H8-10), 6.65 (d, 2H,
3J 9.1 Hz), 6.62 (d, 2H, 3J 9.1 Hz) (H5,5'), 6.14 (d, 2H, H2a, 
2 J 15.7 Hz), 5.56 (d, 2H, H2a',
2J 15.9 Hz), 4.04 (d, 2H, H2b, 
2J 15.7 Hz), 3.86 (d, 2H, H2b', 
2J 15.9 Hz), 3.80 (s, 6H, 2 x OCH3),
3.75 (s, 6H, 2 x OCH3); 
13C NMR δ 182.74 (1C, C1), 157.46 (1C, C1'), 151.55 (2C, C4), 151.11
(2C, C4'), 133.64 (2C, C7), 128.63 (2C), 128.51 (4C), 128.25 (2C), 127.93 (2C) (C8-10), 127.25
(2C, C3'), 126.78 (2C, C3), 112.33 (2C), 112.22 (2C) (C5,5'), 88.76 (2C, C6), 57.15 (2C), 57.04
(2C) (OCH3), 40.85 (2C, C2), 36.91 (2C, C2'); MS (FAB) m/z 635 ([M+1]
+, 100%). Anal. Calcd
for C36H34N4O5S: C, 68.12; H, 5.40; N, 8.83; S, 5.05. Found: C, 67.83; H, 5.41; N, 8.66; S, 4.71.
5,7,12,13b,13c,14-Hexahydro-13-imino-1,4,8,11-tetramethoxy-13b,13c-diphenyl-,cis-6H,13H-
5a,6a,12a,13a-tetraazabenz[5,6]azuleno[2,1,8-ija]benz[f]azulene-6-thione, 18a
Ammonia was passed over the reaction mixture containing 15a until the suspension turned into a
clear solution (± 10 min.). The reaction mixture was concentrated and the product was purified
by column chromatography using a short column (SiO2 70-230 mesh eluent chloroform/methanol
99/1, v/v) to remove 12a and 17a followed by elution with chloroform/methanol/water
(87/12/1, v/v/v) to collect 18a.HOTf as a white powder. This powder was redissolved in 15 ml of
dichloromethane, the solution was washed with 3 ml of aqueous 2N NaOH (2x), dried over
Na2SO4 and evaporated to dryness. The resulting product was redissolved in a minimal amount of
dichloromethane and after filtration of the solution over infusorial earth precipitated in hexane
while vigorously stirring. The precipitate was collected by filtration and dried in vacuo over
KOH pellets to obtain 256 mg (0.40 mmol, 88%) of 18a as a free base: m.p. 300 °C (dec.);
IR (KI) 1658 cm-1 (C=N); 1H NMR (CDCl3) δ  7.07-7.01 (m, 8H, H8',9,9',10), 6.94 (d, 2H, H8,
3J 8.1 Hz), 6.31 (d, 2H, 3J 9.2 Hz), 6.60 (d, 2H, 3J 9.2 Hz) (H5,5'), 6.03 (bd, 2H, H2a, 
2J 15.6 Hz),
5.19 (d, 2H, H2a', 
2J 15.8 Hz), 4.15 (d, 2H, H2b, 
2J 15.6 Hz), 4.15 (d, 2H, H2b', 
2J 15.8 Hz), 3.77 (s,
6H, OCH3), 3.75 (s, 6H, OCH3), the NH signal could not be found; 
13C NMR (CDCl3) 182.14
(C1), 157.39 (C1'), 151.45 (2C, C4), 150.89 (2C, C4'), 134.70 (2C, C7), 128.30 (4C), 128.16 (4C),
128.05 (1C) (C8-10), 127.05 (2C, C3'), 126.32 (2C, C3), 112.21 (2C), 111.39 (2C) (C5,5'), 90.33 (2C,
C6), 57.06 (2C), 56.48 (2C) (4 x OCH3), 41.09 (2C, C2), 37.48 (2C, C2'); MS (FAB) m/z 634
Chapter 2
48
([M+1]+, 100%). Anal. Calcd for C36H35N5O4S.1/2 H2O: C, 67.27; H, 5.65; N, 10.90; S, 4.99.
Found: C, 67.62; H, 5.35; N, 11.06; S, 4.76.
5,7,12,13b,13c,14-Hexahydro-13-methylimino-1,4,8,11-tetramethoxy-13b,13c-diphenyl-,cis-
6H,13H-5a,6a,12a,13a-tetraazabenz[5,6]azuleno[2,1,8-ija]benz[f]azulene-6-thione, 18c
To the reaction mixture containing 13 was added 2 ml of a 1M solution (4 equiv.) of MeNH2 in
dichloromethane. After 5 min. the solution was evaporated to dryness. The crude product was
purified by column chromatography (basic alumina, eluent chloroform/methanol 99/1, v/v). The
resulting product was dissolved in dichloromethane, washed with aqueous 2N NaOH (2x) and
dried over Na2SO4. The solution was concentrated and dried in vacuo over KOH pellets yielding
147 mg (0.227 mmol, 49%) of snow-white 18c. Single crystals were obtained by slow diffusion
of a saturated chloroform solution of 18c into hexane. The crystals decomposed at 290 °C.
IR (KI): 1662 cm-1 (C=N); 1H  NMR (CDCl3, 90 MHz, 57 °C): δ 6.94 (s, 10H, ArH), 6.66 (s, 4H,
ArH), 6.08 (d, 2H, NCHHAr, 2J 15 Hz), 5.10 (d, 2H, NCHHAr, 2J 14 Hz), 4.30 (2x d, 4H,
NCHHAr, 2J 15 Hz), 3.80 (s, 6H, 2 x OMe), 3.77 (s, 6H, 2 x OMe), 3.41 (s, 3H, NCH3);
MS (FAB): m/z 648 ([M+1]+, 100%); Anal. Calcd for C37H37N5O4S: C, 68.60; H, 5.76; N, 10.81;
S, 4.95. Found: C, 68.35; H, 5.51; N, 10.87; S, 4.96.
5,7,12,13b,13c,14-Hexahydro-13-butylimino-1,4,8,11-tetramethoxy-13b,13c-diphenyl-,cis-
6H,13H-5a,6a,12a,13a-tetraazabenz[5,6]azuleno[2,1,8-ija]benz[f]azulene-6-thione, 18d
To the reaction mixture containing 15a was added 150 µl (3 equiv.) of n-BuNH2. This mixture
was stirred until a clear solution was obtained (± 5 min.) and subsequently concentrated. The
product was purified by column chromatography using a short column (SiO2 70-230, eluent
chloroform/methanol 99/1, v/v) to remove 12a and 17a followed by elution with chloro-
form/methanol/water (87/12/1, v/v/v) to collect 18d.HOTf as a white powder.
18d: The product, 18d.HOTf, was dissolved in 15 ml of dichloromethane, washed with 3 ml of
aqueous 2N NaOH (2x), dried over Na2SO4 and evaporated to dryness. The resulting material
was redissolved in a minimal amount of dichloromethane and after filtration of the solution over
infusorial earth precipitated in hexane while vigorously stirring. The precipitate was collected by
filtration and dried in vacuo over KOH pellets to obtain 195 mg (0.28 mmol, 61%) of 18d as a
free base: m.p. 235-236 °C; IR (KBr) 1664 cm-1 (C=N); 1H NMR (CDCl3, 90 MHz, 57 °C) δ 7.0
(s, 10H, H8-10), 6.63 (s, 4H, H5,5'), 6.12 (d, 2H, H2a, 
2J 16 Hz), 5.2 (d, 2H, H2a', 
2J 17 Hz), 4.24 (d,
2H, H2b', 
2J 17 Hz), 4.18 (d, 2H, H2b, 
2J 16 Hz), 3.75 (s + m, 14H, 4 x OCH3 and Ha), 1.5 (m, 2H),
0.95 (t, 3H, 3J 15 Hz) (Hb-d); 
13C NMR (CDCl3) 182.44 (C1), 151.11 (broad signal, C4), 146.80
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(C1'), 134.66 (2C, C7), 128.05 (broad signal, 14C, C3,3',8-10), 111.62 (2C), 110.30 (2C) (C5,5'), 90.63
(2C, C7), 56.99 (2C), 55.76 (2C) (4 x OCH3), 46.77 (1C, Ca), 41.16 (2C), 38.53 (broad signal, 2C)
(C2,2'), 36.14 (1C), 20.40 (1C), 14.30 (1C) (Cb-d); MS (EI) m/z 689 (M
+, 100%). Anal. Calcd for
C40H43N5O4S: C, 69.64; H, 6.28; N, 10.15; S, 4.65. Found: C, 69.11; H, 6.29; N, 10.02; S, 4.30.
18d.HClO4: The product, 18d.HOTf, was dissolved in 15 ml of dichloromethane, washed with
aqueous 2N NaOH (2x) and with aqueous 2N HClO4 (2x) to yield 18d.HClO4 after concentration.
The latter product was redissolved in a minimal amount of dichloromethane and after filtration
over infusorial earth precipitated in hexane while vigorously stirring. The precipitate was
collected by filtration and dried in  vacuo over P2O5 to yield 262 mg (0.33 mmol, 72%) of
snow-white 18d.HClO4. IR (KBr) 1657 cm
-1, 1573 cm-1 (C=N); 1H NMR (CDCl3) δ 7.44 (d, 2H,
H8', 
3J 7.7 Hz), 7.26 (m, 2H, H9'), 7.10 (m, 4H, H9,10), 6.90 (d, 2H, H8, 
3J 6.9 Hz), 6.82 (d, 2H,
3J 9.0 Hz), 6.75 (d, 2H, 3J 9.0 Hz) (H5,5') acidic proton hidden under H5,5', 6.27 (d, 2H, H2a,
2J 16.1 Hz), 5.53 (d, 2H, H2a', 
2 J 17.0 Hz), 4.32 (d, 2H, H2b', 
2J 17.0 Hz), 4.07 (d, 2H, H2b,
2J 16.1 Hz), 3.84 (s and m, 8H, 2 x OCH3 and Hα), 3.78 (S, 6H, 2 x OCH3), 1.63 (m, 2H), 1.35
(m, 2H), 0.97 (t, 3H, 3J 7.3 Hz) (Cβ−δ); 
13C NMR (CDCl3) 182.68 (C1), 155.00 (C1'), 151.80 (2C),
149.94 (2C) (C4,4'), 130.67 (2C, C7), 129.99 (2C), 129.69 (2C), 128.98 (2C), 128.60 (2C), 127.55
(2C) (C8-10), 123.87 (2C, C3,3') 113.41 (1C), 111.37 (1C) (C5,5'), 93.17 (2C, C6), 57.00 (2C), 56.05
(2C) (4 x OCH3), 44.76 (1C, Cα), 40.80 (2C, C2), 40.08 (2C, C2'), 31.66 (1C), 19.85 (1C), 12.41
(1C) (Cβ−δ); Anal. Calcd for C40H44ClN5O8S: C, 60.79; H, 5.61; N, 8.86; S, 4.06. Found: C, 60.23;
H, 5.56; N, 8.75; S, 3.82.
5,7,12,13b,13c,14-Hexahydro-13-(3,3-dimethylbutyl)imino-1,4,8,11-tetramethoxy-13b,13c-
diphenyl-,cis-6H,13H-5a,6a,12a,13a-tetraazabenz[5,6]azuleno[2,1,8-ija]benz[f]azulene-6-
thione, 18e
To the reaction mixture containing 15a was added 200 µl (3 equiv.) of 3,3-dimethylbutylamine.
The mixture was stirred until it became clear (± 5 min.) and was subsequently concentrated. The
product was purified by column chromatography using a short column (SiO2 70-230 mesh, eluent
chloroform/methanol 99/1, v/v) to remove 12a  and 17a  followed by elution with
chloroform/methanol/water (87/12/1, v/v/v) to collect 18e.HOTf as an off-white powder. This
compound was redissolved in 15 ml of dichloromethane, washed with 3 ml of aqueous 2N NaOH
(2x), dried over Na2SO4 and concentrated to obtain 18e as a free base. This compound was
redissolved in a minimal amount of dichloromethane and after filtration of the solution over
infusorial earth precipitated in hexane while vigorously stirring. The precipitate was collected by
filtration and dried in vacuo over KOH pellets to yield 220 mg (0.26 mmol, 56%) of snow-white
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18e: m.p. 265 °C (dec.); IR (KBr) 1664 cm-1 (C=N); 1H NMR (CDCl3, 90 Mhz, 60 °C) δ 7.0 (bs,
10H, H8-10), 6.71 (s, 4H, H5,5'), 6.23 (d, 2H, H2a, 
2J 16 Hz), 5.2 (d, 2H, H2a', 
2J 17 Hz), 4.21 (d, 2H,
H2b', 
2J 17 Hz), 4.15 (d, 2H, H2b, 
2J 16 Hz), 3.74 (s + m, 14H, 2 x OCH3 and Hα), 1.5 (m, 2H, Hβ),
0.9 (s, 9H, tBu); MS (FAB) m/z 718 ([M+1]+, 100%). Anal. Calcd for C42H47N5O4S: C, 70.27;
H, 6.60; N, 9.75; S, 4.47. Found: C, 69.87; H, 6.60; N, 9.64; S, 4.48.
5,7,12,13b,13c,14-Hexahydro-13-imino-1,4,8,11-tetramethoxy-13b,13c-diphenyl-,cis-6H,13H-
5a,6a,12a,13a-tetraazabenz[5,6]azuleno[2,1,8-ija]benz[f]azulene-6-one, 19a
In a flame dried flask and under an inert atmosphere 500 mg (0.79 mmol) of 17a was dissolved in
15 ml of dichloromethane. To this solution was added through a septum inlet 95 µl (1.1 equiv.) of
MeOTf and the reaction mixture was stirred for one night. Ammonia was passed over the
reaction mixture until the suspension had turned into a clear solution (± 10 min.). The reaction
mixture was concentrated and the product was purified by column chromatography using a short
column (SiO2 70-230 mesh, eluent chloroform/methanol 99/1, v/v) to remove 17a and 1b
followed by elution with chloroform/methanol/water (87/12/1, v/v/v) to collect 19a.HOTf as a
white powder. This powder was redissolved in 15 ml of dichloromethane, the solution was
washed with 3 ml of aqueous 2N NaOH (2x), dried over Na2SO4 and evaporated to dryness. The
resulting product was redissolved in a minimal amount of dichloromethane and after filtration of
the solution over infusorial earth precipitated in hexane while vigorously stirring. The precipitate
was collected by filtration and dried in vacuo over KOH pellets to obtain 400 mg (0.64 mmol,
84%) of 19a as a free base: m.p. 320 °C (dec.); IR (KI) 1720 cm-1 (C=O), 1654 cm-1 (C=N);
1H NMR (CDCl3) δ 7.12-7.02 (m, 10H, H8-10), 6.47 (d, 2H, 2J 8.8 Hz) 6.45 (d, 2H, 2J 8.8 Hz)
(H5,5'), 5.52 (d, 2H, 
2J 15.9 Hz), 5.31 (d, 2H, 2J 15.8 Hz) (H2a,2a'), 3.92 (d, 2H, 
2J 15.8 Hz), 3.82 (d,
2H, 2J 15.8 Hz) (H2b,2b'), 3.72 (s, 6H, OCH3), 3.68 (s, 6H, OCH3), the NH signal could not be
located; 13C NMR (CDCl3) 157.71 (1C), 157.49 (1C) (C1,1'), 151.00 (2C), 150.85 (2C) (C4,4'),
135.08 (2C, C7), 128.41 (2C), 128.19 (8C) (C8-10), 127.93 (2C), 126.91 (2C) (C3,3'), 111.91 (2C),
111.06 (2C) (C5,5'), 86.75 (2C, C6), 56.80 (2C), 56.36 (2C) (OCH3), 37.37 (2C), 36.93 (2C) (C2,2');
MS (FAB) m/z 618 ([M+1]+, 100%). Anal. Calcd for C36H35N5O5: C, 70.00; H, 5.71; N, 11.34.
Found C, 69.94; H, 5.56; N, 11.02; (lead oxide was added for a better combustion).
5,7,12,13b,13c,14-Hexahydro-13-butylimino-1,4,8,11-tetramethoxy-13b,13c-diphenyl-,cis-
6H,13H-5a,6a,12a,13a-tetraazabenz[5,6]azuleno[2,1,8-ija]benz[f]azulene-6-thione, 19d
In a flame dried flask and under an inert atmosphere 200 mg (0.32 mmol) of 17a was dissolved in
10 ml of dichloromethane. To this solution was added through a septum inlet 40 µl (1.1 equiv.) of
Introduction of thiourea and guanidine binding sites in clip molecules
51
MeOTf and the reaction mixture was stirred for one night. Hereafter 150 µl (3 equiv.) of
n-BuNH2 was added, the solution was stirred until it became clear (± 5 min.) and was
concentrated. The product was purified by column chromatography using a short column (SiO2
70-230 mesh, eluent chloroform/methanol 99/1, v/v) to remove 17a and 1b followed by elution
with chloroform/methanol/water (87/12/1, v/v/v) to collect 19d.HOTf as a white powder.
19d: The triflate salt was dissolved in 15 ml of dichloromethane, washed with 3 ml of aqueous
2N NaOH (2x) and dried over Na2SO4 to obtain 19d as a free base after concentration. This
compound was redissolved in a minimal amount of dichloromethane and after filtration over
infusorial earth precipitated in hexane while vigorously stirring. The precipitate was collected by
filtration and dried in vacuo over KOH pellets to yield 128 mg (0.19 mmol, 60%) of 19d: m.p.
264 °C; IR (KI) 1721 cm-1 (C=O), 1677 cm-1 (C=N); 1H NMR (CDCl3, 60 °C) δ 7.05 (bs, 10H,
H8-10), 6.64 (d, 2H, 
3J 9.0 Hz), 6.60 (d, 2H, 3J 9.0 Hz) (H5,5'), 5.54 (d, 2H, 
2J 15.9 Hz), 5.36 (d, 2H,
2J 15.7 Hz) (H2a,2a'), 4.00 (bs, 2H), 3.84 (d, 2H, 
2J 15.9 Hz) (H2b,2b'), 3.76 (s, 6H, 2 x OCH3), 3.73
(s, 6H, 2 x OCH3), 3.65 (t, 2H, Hα, 
3J 7.0 Hz) 1.48 (m, 2H), 1.34 (m, 2H), 0.92 (t, 3H, 3J 7.3 Hz)
(Hβ−δ); 
13C NMR (CDCl3) 158.06 (1C, C1), 151.03 (broad signal, 4C, C4,4'), 147.18 (1C, C1'),
135.04 (2C, C7), 128.19 (14C) (C3,3',8-10), 111.62 (broad signal, 4C, C5,5'), 87.12 (2C, C6), 57.03
(2C), 55.65 (2C) (OCH3), 46.61 (1C, Cα), 39.16 (broad signal, 2C), 36.96 (2C) (C2,2'), 36.32 (1C),
20.42 (1C), 14.35 (1C) (Cβ−δ); MS (EI) m/z 673 (M
+, 100%). Anal. Calcd for C40H43N5O5:
C, 71.30; H, 6.43; N, 10.39. Found: C, 70.72; H, 6.48; N, 10.05.
19d.HClO4: The triflate salt was dissolved in 15 ml of dichloromethane, the solution was washed
with 3 ml of aqueous 2N NaOH (2x), with aqueous 2N HClO4 (2x) and after concentration, the
resulting material was dried in vacuo over P2O5 to yield 180 mg (0.23 mmol, 74%) of snow-white
19d.HClO4. IR (KI) 1728 cm
-1 (C=O), 1632 cm-1, 1578 cm-1 (C=N); 1H NMR (CDCl3): δ 7.46 (d,
2H, H8', 
3J 7.7 Hz), 7.27 (m, 2H, H9'), 7,11 (m, 4H, H9,10), 6.97 (d, 2H, H8, 
3J 7.0 Hz), 6.81 (d, 2H,
3J 9.0 Hz), 6,72 (d, 2H, 3J 9.0 Hz) (H5,5'), 6.68 (t, 1H, NH
+, 3J 4.5 Hz), 5.71 (d, 2H, 2J 16.3 Hz),
5.55 (d, 2J 17.1 Hz), (H2a,2a') 4.25 (d, 2H, 
2J 17.1 Hz), 3.84 (d+m, 4H, 2J 16.3 Hz) (H2b,2b',α), 3.81 (s,
6H, 2 x OCH3), 3.78 (s, 6H, 2 x OCH3), 1.63 (m, 2H), 1.33 (m, 2H), 0.96 (t, 3H, 
3J 7.3 Hz) (Hβ−δ).
Anal. Calcd for C40H44ClN5O9.H2O: C, 60.64; H, 5.85; N, 8.84. Found: C, 60.60; H, 5.50; N, 8.80
(lead oxide was added for a better combustion).
5,7,12,13b,13c,14-Hexahydro-1,4,8,11-tetraoctyloxy-13b,13c-diphenyl-6H,13H-5a,6a,12a,13a-
tetraazabenz[5,6]azuleno[2,1,8-ija]benz[f]azulene-6,13-dithione, 12b
Compound 12b was synthesized as described for 12a starting from 5 g (12 mmol) of 9 and 9 g
(0.26 mmol) of 1,4-dioctyloxybenzene. After work up and drying in vacuo over KOH pellets
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10.3 gram (81%) of pure 12b was obtained: m.p. 248 °C; I.R. no carbonyl absorption; 1H NMR
(CDCl3) δ 7.06 (m, 6H, H9,10), 6.97 (m, 4H, H8), 6.67 (s, 4H, H5), 6.17 (d, 4H, H2a, 2J 15.7 Hz),
4.10 (d, 4H, H2b, 
2J 15.7 Hz), 3.91 (m, 8H), 1.85 (m, 8H), 1.53 (m, 8H), 1.33 (m, 32H), 0.90 (t,
12H, 2J 6.8 Hz) (Hα−ω); 
13C NMR (CDCl3) δ 182.71 (2C, C1), 150.78 (2C, C4),133.33 (2C, C7),
128.71 (2C, C10), 128.51 (4C, C9), 128.08 (4C, C8), 126.55 (4C, C3), 111.12 (4C, C5), 92.18 (2C,
C6), 69.88 (4C, Ca), 40.95 (4C, C2), 31.92 (4C), 29.67 (4C), 29.47 (4C), 29.31 (4C), 26.21 (4C),
22.68 (4C), 14.14 (4C) (Cβ−ω); MS (FAB) m / z 1043 ([M+1]
+, 100%). Anal. Calcd for
C64H90N4O4S2: C, 73.66; H, 8.69; N, 5.36; S, 6.15. Found C, 73.62; H, 8.58; N, 5.44; S, 5.75.
5,7,12,13b,13c,14-Hexahydro-1,4,8,11-tetraoctyloxy-13b,13c-diphenyl-13-thioxo-,cis-6H,13H-
5a,6a,12a,13a-tetraazabenz[5,6]azuleno[2,1,8-ija]benz[f]azulen-6-one, 17b
In a flame dried flask under an argon atmosphere, 3 g (2.88 mmol) of 12b was dissolved in 50 ml
of dichloromethane. To this solution was added 330 ml (1.05 equiv.) of MeOTf and the mixture
was stirred overnight. Subsequently 3 drops of triethylamine and 1 ml of water were added and
stirring was continued for another 30 min. The reaction mixture was washed with aqueous
1N HCl and the aqueous phase was extracted with dichloromethane. The combined organic
phases were washed with water (2x), dried over Na2SO4 and evaporated to dryness. The crude
product was purified by flash chromatography (SiO2  60H, eluent dichloro-
methane/hexane 1/1, v/v) yielding 2.5 g. (2.43 mmol, 85%) of 17b as a white solid: m.p. 257 °C;
I.R. 1729 cm-1 (C=O); 1H NMR (CDCl3) δ 7.06-6.98 (m, 10H, H8-10), 6.67 (d, 2H, 3J 9.1 Hz), 6.64
(d, 2H, 3J 9.1 Hz) (H5,5'), 6.12 (d, 2H, H2a, 
2J 15.7 Hz), 5.52 (d, 2H, H2a', 
2J 15.8 Hz), 4.10 (d, 2H,
H2b, 
2J 15.7 Hz), 4.08-3.79 (m, 10H, H2b',α), 1.83 (m, 8H), 1.49 (m, 8H), 1.32 (m, 32H), 0.90 (t,
12H, 3J 6.5 Hz) (Cβ−ω); 
13C NMR (CDCl3) δ 182.90 (1C, C1), 157.65 (1C, C1'), 151.70 (2C, C4)
150.53 (2C, C4'), 134.00 (2C, C7), 128.36 (8C), 127.95 (2C) (C8-10), 127.72 (2C, C3'), 126.77 (2C,
C3), 113.99 (2C), 112.83 (2C) (C5,5'), 88.68 (2C, C6), 70.51 (2C), 69.81 (2C) (Cα), 41.07 (2C, C2),
37.12 (2C, C2'), 31.94 (4C), 29.64 (4C), 29.47 (4C), 29.31 (4C), 26.23 (4C), 22.70 (4C), 14.15
(4C) (Cβ−ω); MS (FAB) m/z 1027 ([M+1]
+, 100%). Anal. Calcd for C64H90N4O5S: C, 74.81;
H, 8.83; N, 5.45; S, 3.12. Found C, 74.61; H, 8.71; N, 5.51; S, 2.91.
5,7,12,13b,13c,14-Hexahydro-13-imino-1,4,8,11-tetraoctyloxy-13b,13c-diphenyl-,cis-6H,13H-
5a,6a,12a,13a-tetraazabenz[5,6]azuleno[2,1,8-ija]benz[f]azulene-6-one, 19b
In a flame dried flask under an argon atmosphere 1 g (2.88 mmol) of 17b was dissolved in 25 ml
of dichloromethane. To this solution wass added 110 ml (1 equiv.) of MeOTf and the mixture
was stirred overnight (no more than 1 equiv. of MeOTf should be added since this leads to
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doubly substituted products that cannot be removed from the desired product). Ammonia was
passed over the solution and stirring was continued for 1 h. The reaction mixture was evaporated
to dryness to yield an off-white solid. The crude solid was purified by column chromatography
using a short column (SiO2 70-230 mesh, eluent chloroform/methanol 99/1, v/v) to remove 17b
and 1c followed by elution with chloroform/methanol/water (87/12/1, v/v/v) to collect 19b.HOTf
as a white powder. This powder was dissolved in dichloromethane and the solution was washed
with 3 ml of aqueous 2N NaOH (2x) and dried over Na2SO4 to give after concentration 0.9 g. of
19b. This compound was redissolved in dichloromethane and after filtration of the solution over
infusorial earth precipitated in hexane while vigorously stirring. The precipitate was collected by
filtration and dried in vacuo over KOH pellets to yield 771 mg (0.76 mmol, 78%) of 19b as a free
base: m.p. 264 °C; I.R. (KI) 1722 cm-1 (C=O), 1655 cm-1 (C=N); 1H NMR (CDCl3) δ 7.06 (d, 2H,
H8', 
3J 8.0 Hz), 6.96 (m, 8H, H8,9,9',10), 6.59 (s, 4H, H5,5'), 5.37 (bs, 2H, H2a'), 5.09 (d, 2H, H2a,
2J 15.6 Hz), 4.14 (bs, 2H, H2b), 4.06 (bs, 2H, H2b'), 3.95 (m, 4H), 3.78 (m, 4H), 1.80 (m, 8H), 1.46
(m, 8H), 1.33 (m, 32H), 0.90 (t, 12H, 2J 6.8 Hz) (Hα−ω) the NH signal could not be found;
13C NMR (CDCl3) δ 158.31 (1C), 158.10 (1C) (C1,1'), 150.61 (2C) 150.51 (2C) (C4,4'), 135.94 (2C,
C7), 128.29 (2C), 128.06 (2C), 127.93 (2C), 127.81 (4C) (C8-10), 126.77 (4C, C3,3'), 113.50 (2C),
112.26 (2C) (C5,5'), 86.63 (2C, C6), 70.22 (2C), 69.42 (2C) (Cα), 37.79 (2C), 37.35 (2C) (C2,2'),
31.91 (4C), 29.62 (4C), 29.46 (4C), 29.28 (4C), 26.14 (4C), 22.69 (4C), 14.13 (4C) (Cβ−ω); MS
(FAB): m/z 1010 (M+, 50%). Anal. Calcd for C64H90N5O5: C, 76.08; H, 9.08; N, 6.93. Found
C, 76.09; H, 9.07; N, 6.94.
19b.HBF4
A solution of free base 17b (170 mg, 0.17 mmol) in dichloromethane was washed with aqueous
2N HBF4 (2x). After evaporation of the solution to dryness the resulting solid was redissolved in
a minimal amount of dichloromethane and after filtration of the solution over infusorial earth
hexane was added while vigorously stirring. The dichloromethane and hexane were removed in
vacuo and the product was dried over P2O5 to give 116 mg (0.11 mmol, 63%) of 19b.HBF4 as a
white solid: I.R. (KI) 1739 cm-1 (C=O), 1674 cm-1, 1560 cm-1 (C=N); 1H NMR (CDCl3): δ 7.36
(d, 2H, H8', 
3J 7.8 Hz), 7.23 (m, 2H, H9'), 7,12 (m, 4H, H9,10), 7.06 (d, 2H, H8, 
3J 4.9 Hz), 6.82 (bs,
1H, NH+), 6.81 (d, 2H, 3J 9.1 Hz), 6,72 (d, 2H, 3J 9.1 Hz) (H5,5'), 5.60 (d, 2H, 
2J 16.2 Hz), 5.29 (d,
2J 16.7 Hz), (H2a,2a') 4.17 (d, 2H, 
2J 16.7 Hz) (H2b/2b'), 4.07 (m, 2H), 3.90 (m, 6H) (Ha), 3.81 (d,
2H, 2J 16.2 Hz) (H2b/2b'), 1.81 (m, 8H), 1.46 (m, 8H), 1.31 (m, 32H), 0.89 (m, 8H) (Hβ−ω). Anal.
Calcd for C64H92BF4N5O5.2H2O: C, 67.77; H, 8.53; N, 6.17. Found: C, 67.68; H, 8.53; N, 6.15
(V2O5 was added to obtain a good combustion in the presence of boron).
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Crystal structures
Compound 9.
An irregurlarly shaped crystal of dimension 0.48 x 0.50 x 0.14 mm was mounted on a glassfiber
and the structure of 9 was determined at a temperature of 291 K. Crystal data are given in Table
2.2. The crystal structure was determined using DIRDIF94.21 The structure was refined by full-
matrix least-squares on Fo
2 values using SHELXL22 with anisotropic parameters for the non-
hydrogen atoms. The refinement converged to an R-value of 0.041. The hydrogen atoms of the
structure were placed at calculated positions.
Data collection and processing for 9. CAD4 diffractometer, ω-mode with ω scan width = 1.5°,
max scan time 60 s/refl, graphite-monochromated CuKα radiation; 11427 reflections measured
of which 2888 observed (I > 3 σ(I)) (1 < θ < 60).
Table 2.2 Crystal data and structure refinement for compound 9.
Empirical formula C20H18N4O2S2
Color/shape white/irregular
Crystallization CH2CL2/hexane
Formula weight 410.50
Temperature 291(2) K
Wavelength 1.54184 Å
Crystal system monoclinic
Space group P21/n
Unit cell dimensions a = 8.49305(7) Å α = 90.0000(11)°
b = 11.48795(10) Å β = 94.9332(14)°
c = 20.0709(2) Å γ = 90.0000(10)°
Volume 1951.02(3) Å3
Z 4
Density calculated 1.398 Mg/m
3
Absorption coefficient 2.675 mm-1
F(000) 856
Crystal size 0.48 x 0.50 x 0.14 mm
θ range for data collection 4.42 to 60.08°
Index ranges -9  h  9, -12  k  12, -22  l  22
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Reflections collected 11427
Independent reflections 2888 [Rint = 0.0000]
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 2888 / 116 / 254
Goodness-of-fit on F2 1.040
Final R indices [I > 2σ(I)] R1 = 0.0414, wR2 = 0.1100
R indices (all data) R1 = 0.0430, wR2 = 0.1117
Extinction coefficient 0.0070(4)
Largest diff. peak and hole 0.270 and -0.189 e.Å-3
Compound 18c.
A regurlarly shaped crystal of dimension 0.11 x 0.16 x 0.31 mm was mounted on a glassfiber and
the structure of 18c was  determined at a temperature of 208 K. Crystal data are given in Table
2.3. The crystal structure was determined using DIRDIF94.21 The structure was refined by full-
matrix least-squares on Fo
2 values using SHELXL22 with anisotropic parameters for the non-
hydrogen atoms. The refinement converged to an R-value of 0.089. The hydrogen atoms of the
structure were placed at calculated positions. The chloroform molecule was refined at partially
occupied positions.
Data collection and processing for 18c. CAD4 diffractometer, ω-mode with ω scan width = 1.5°,
max scan time 60 s/refl, graphite-monochromated MoKα radiation; 10064 reflections measured
of which 3219 observed (I > 3σ(I)) (1 < θ < 23).
Table 2.3 Crystal data and structure refinement for compound 18c.
Empirical formula C37.50H37.50Cl1.50N5O4S
Formula weight 707.46
Temperature 213(2) K
Wavelength 0.71073 Å
Crystal system triclinic
Space group P1¯
Unit cell dimensions a = 13.5402(7) Å α = 83.953(8)°
b = 14.663(2) Å β = 87.081(8)°
c = 18.891(2) Å γ = 67.454(9)°
Volume 3444.5(5) Å3
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Z 4
Density calculated 1.364 Mg/m
3
Absorption coefficient 0.259 mm-1
F(000) 1484
Crystal size 0.11 x 0.16 x 0.31 mm
θ range for data collection 1.08 to 23.00°
Index ranges 0 ≤ h ≤ 16, -16 ≤ k ≤ 17, -22 ≤ l ≤ 22
Reflections collected 10064
Independent reflections 9583 [Rint = 0.0492]
Refinement method Full-matrix-block least-squares on F2
Data / restraints / parameters 3219 / 846 / 891
Goodness-of-fit on F2 1.204
Final R indices [I > 2σ(I)] R1 = 0.0841, wR2 = 0.2038
R indices (all data) R1 = 0.2685, wR2 = 0.3384
Largest diff. peak and hole 0.613 and -0.596 e.Å-3
Compound 18d.HClO4.
An irregurlarly shaped crystal of dimension 0.28 x 0.18 x 0.12 mm was mounted on a glassfiber
and the structure of 18d.HClO4 was determined at a temperature of 208 K. Crystal data are given
in Table 2.4. The crystal structure was determined using CRUNCH96.23 The structure was
refined by full-matrix least-squares on Fo
2 values using SHELXL with anisotropic parameters for
the non-hydrogen atoms.22 The refinement converged to an R-value of 0.113. The hydrogen
atoms of the structure were placed at calculated positions.
Data collection and processing for 18d.HClO4. CAD4 diffractometer, ω-mode with ω scan
width = 1.5°, max scan time 60 s/refl, graphite-monochromated MoKα  radiation; 4428
reflections measured of which 1141 observed (I > 2σ(I)) (1 < θ < 20).
Table 2.4 Crystal data and structure refinement for compound 18d.HClO4.
Empirical formula C42H48Cl5N5O8S
Color/shape Colorless,transparant/irregular
Formula weight 960.16
Temperature 208(2) K
Wavelength 0.71073 Å
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Crystal system Triclinic
Space group P1¯
Unit cell dimensions a = 11.4138(14) Å α = 104.54(2)°
b = 12.080(2) Å β = 104.38(2)°
c = 18.244(2) Å γ = 68.23(2)°
Volume 2227.3(5) Å3
Z 2
Density calculated 1.432 Mg/m
3
Absorption coefficient 0.430 mm-1
F(000) 1000
Crystal size 0.28 x 0.18 x 0.12 mm
θ range for data collection 1.17 to 19.99°
Index ranges 0 ≤ h ≤ 10, -10 ≤ k ≤ 11, -17 ≤ l ≤ 16
Reflections collected 4428
Independent reflections 4147 [Rint = 0.1363]
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 4143 / 0 / 555
Goodness-of-fit on F2 1.032
Final R indices [I > 2σ(I)] R1 = 0.1130, wR2 = 0.2293
R indices (all data) R1 = 0.3248, wR2 = 0.3842
Largest diff. peak and hole 0.447 and -0.496 e.Å-3
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Chapter 3
REDUCTION OF UREA CARBONYL FUNCTIONS IN CLIP MOLECULES
3.1 Introduction
In the preceding chapter the synthesis of clip molecules with modified hydrogen bonding sites
were reported. In order to evaluate the effect of these modified binding sites on the binding of
guest molecules it was important to synthesize clips in which binding can take place only by π-π
interactions. An obvious way of generating such clips would be by reduction of the urea groups
in these molecules to aminals.
N
R
R
N
O
N
R
R
N H
H
[H-]
Aminals are known to be rather unstable under most conditions, but there are a few reports
describing stable aminals obtained by reduction of urea functions, usually with lithium aluminum
hydride.1-4
The first reduction of urea derivatives by lithium aluminum hydride was described by Wilk and
Close, and involved the reductions of 5-phenylhydantoin and 3-methyl-5-phenylhydantoin 1 (see
Scheme 3.1).2 They found that the amide carbonyl group in the molecule was removed easily by
stirring with lithium aluminum hydride (4 equiv. [H-]) in ether at room temperature for 16 hours.
In this way imidazolone 2 was obtained from 1 in 66% yield. Further reduction of 2 to imidazole
3 was possible in 18% yield after treatment with excess of lithium aluminum hydride in boiling
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ether for 3 weeks!! It is remarkable that when the original hydantoin 1 was treated with excess of
lithium aluminum hydride in boiling ether for 11 hours, imidazolone 4 was isolated in 43% yield.
Apparently, the double bond in imidazolone 2 strongly reduces the susceptibility of the urea
carbonyl group towards reduction by lithium aluminum hydride.
NHN
O
OPh
Me NHN
O
Ph
Me
NHN
Ph
Me NN
Ph
Me
LiAlH4, ether
∆, 3 weeks
LiAlH4, ether
∆, 11 hr
LiAlH4, ether
RT, 16 hr
1 2
4 3
Scheme 3.1 Reduction of 3-methyl-5-phenylhydantoin 1 as described by Wilk and Close (see
ref 2).
Marshall applied the same conditions to a series of 5,5-disubstituted hydantoins and to
barbiturates.3 It was found that in all cases the amide carbonyl functions were reduced, but not the
urea carbonyl groups. The main difference between the hydantoins studied by Marshall3 and the
hydantoin studied by Wilk and Close,2 is the absence of a methyl group on the imidic nitrogen.
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NHHN
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O
R'
R
HN NH
O
R R'
LiAlH4, ether
∆, 30 hr
LiAlH4, ether
∆, 44 hr
Scheme 3.2 Reduction of hydantoins and barbiturates as described by Marshall (see ref 3).
Several other examples of reductions of ureas, hydantoins and related urea-containing
compounds have been published in the literature.4 The results of these experiments, however,
differ from case to case and vary from complete inertness to full reduction to aminals, which in
most cases are hydrolyzed to amines. An extensive study on the influence of the substitution
pattern in the hydantoin and the reaction conditions was reported by Cortes and Kohn in 1983.1a
They varied the substitution pattern in hydantoin 5  (see Table 3.1) and determined which
products were formed when reacted with lithium aluminum hydride in tetrahydrofuran at room
temperature or at reflux temperature. These experiments may well be regarded as a study on the
influence of the substitution pattern and the reaction conditions in the reduction of urea
compounds since, in most cases, the first step in this reduction is the reductive removal of the
amide oxygen. The results of the experiments of Cortes and Kohn1a are summarized in Table 3.1.
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Table 3.1 Type of product found after reduction of hydantoin 5 with lithium aluminum
hydride.
Entry Substitution patterna Temperature Productb
1 R1, R3 = H RT or reflux 6
2 R1 = H, R3 = alkyl/aryl RT 7
c
3 R1 = H, R3 = alkyl/aryl reflux 9
4 R1, R3 = alkyl RT 7
c
5 R1, R3 = alkyl reflux
d 10e
a if R5 and R5' are H, alkyl, aryl, they do not influence the type of product formed, they
only influence the stereochemistry in the reductions to 4-hydroxy-2-imidazolidinones 7.
b Structure of the compounds:
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R3 R1
R5
R5
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NN
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R3 R1
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NN
O
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'HO
NN
O
R3 R1
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NR3
R5
R5
'
Me
NNR3 R1
R5
R5
'
5
H
N
H
NR3 R1
76 8
9
R5
R5
'
10 11
c 4-Hydroxy-2-imidazolidinones 7, dehydrated to form imidazolone 8 when treated with
acid (for instance during work-up).
d Ether was used as a solvent, tetrahydrofuran gave a complex mixture of compounds.
e Imidazolidines 10 give ethylenediamines 11 when treated with acid.
Bates et al. have published a kinetic study of the reduction of the urea function in
N,N'-disubstituted imidazolidinones and tetrahydro-2(1H)-pyrimidinones.1b The reactions were
performed at room temperature in ether using 20 equivalents of lithium aluminum hydride.
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Table 3.2 Reactivity of the urea carbonyl groups in imidazolidinones and tetrahydro-2(1H)-
pyrimidinones towards reduction with lithium aluminum hydride (see ref 1b).
From these experiments (Table 3.2) it can be concluded that the urea carbonyl group in
imidazolidinones is more reactive than in tetrahydro-2(1H)-pyrimidinones and that attachment of
a phenyl or a benzyl substituent to the urea nitrogen atom increases the reactivity when compared
with a simple alkyl substituent. The low yields in the case of entries 2 and 6 were ascribed to loss
of products during work-up because of the volatility of the compounds. It was found1b that only
the first two hydrides of lithium aluminum hydride were reactive enough to perform the reduction
reaction. The authors indicate that urea groups are not reduced by sodium borohydride in ethanol
or by diisobutylaluminum hydride in toluene at room temperature.
The results presented above, indicate that the urea functions in the clip molecules could be
reduced to aminals by lithium aluminum hydride. Based on the results of Cortes and Kohn they
seem to have the right substitution pattern for producing such aminals, and in addition, the urea
funtions should be very reactive towards reduction because they can be considered as being
tetrabenzyl substituted ureas (Bates et al. 1b).
3.2 Reduction experiments
Clip molecules with methoxy substituents on their cavity walls are insoluble in THF, therefore,
clip molecules with n-octyloxy chains (12, Table 3.3) were used for the reduction experiments.
Treatment of 12 with lithium aluminum hydride in tetrahydrofuran at room temperature, followed
by thin layer chromatography analysis showed only one small new spot. Additional heating under
reflux temperature until all the starting material had disappeared (45 min.) resulted in the
(CH2)n
NRRN
O
Entry n R t1/2, Min. Yield, %
1 2 Me 10 58
2 2 Et 60 35
3 2 Bn 5 89
4 2 Ph <2 71
5 3 Me 30 50
6 3 Et 200 12
7 3 Bn 10 77
Chapter 3
66
formation of two main products, which were shown to be the expected fully reduced clip 14
(16%) and the half reduced clip 13 (19%) respectively. The isolated yields were disappointingly
low without recovery of any starting material (Table 3.3) and were not improved on prolonged
heating (overnight). TLC also indicated the presence of some minor components (vide infra).
Earlier results had indicated that imidazolidinones cannot be reduced with diisobutylaliminum
hydride in toluene.1b Treatment of 12 with diisobutylaliminum hydride in dichloromethane
yielded 13 (81%). Heating the mixture under reflux and addition of a large excess of reagent did
not cause further reduction, although some minor, unidentified products were detected on
analysis (tlc). When the reductions were performed in the higher boiling 1,2-dichloroethane then
compound 14 was obtained in 14% yield, and in THF compound 12 could be converted to 14 in
17%, together with 13 (71%).
Table 3.3 Reduction of clips by diisobutylaluminum hydride or lithium aluminum hydride.
NN
N N
O
O
PhPh
OC8H17
OC8H17
H17C 8O
H17C 8O
NN
N N
O
PhPh
OC8H17
OC8H17
H17C 8O
H17C 8O
[H-]
12 13
Reducing agent Conditions 13 (%) 14 (%)
DibalH dichloromethane,
RT, 3 hr.
81 0
DibalH tetrahydrofuran,
reflux, 3 hr.
71 17
LiAlH4 tetrahydrofuran,
reflux, 45 min
19 16
The fact that only one of the two urea functions is reduced in the experiments with
diisobutylaluminum hydride in dichloromethane, even when a large excess (up to 20 equivalents)
of reducing agent is applied, indicated that reduction of the first urea may induce unfavorable
changes in either the conformation or the electronic structure of the remaining imidazolidinone
moiety.
NN
N N
PhPh
OC8H17
OC8H17
H17C8O
H17C8O
+
14
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Semi-empirical (MOPAC, applying the AM1 Hamiltonian)5 and molecular mechanics
(MacroModel, using the Amber force field)6 calculations were performed in order to investigate
this possibility. It was found that the geometry of the clips barely change when the urea functions
are reduced. The distance between the cavity walls decreases slightly after reduction of one of the
urea carbonyl groups, but the conformations of the imidazolidinone parts of the starting
compound 12 and its reduction product 13 remain almost the same. The charges of the urea
carbonyl carbon atoms also hardly change, according to the MOPAC calculations, amounting to
+0.3885 and +0.3857 for 12 and 13, respectively. Thus, simple ground state calculations do not
reveal differences and give no clues for the observed selectivity.
The infrared spectra of compounds 12 and 13, however, did show differences, in the carbonyl
region. In clip 12, the carbonyl group displayed two absorptions at 1730 cm-1 and 1716 cm-1,
whereas in 13 a single peak at 1708 cm-1 was observed. It is known that urea carbonyl groups
absorb at ca. 1720 cm-1, when they are part of a five-membered ring and at ca. 1640 cm-1, when
they are incorporated into a six-membered ring.7 Therefore, according to these spectra, reduction
of one carbonyl group in clip 12, causes a relief of ring strain in the remaining imidazolidinone
ring. The ring strain in 12 could be the reason for the increased reactivity of the imidazolidinone
carbonyl groups. Reduction of the first carbonyl group, relieves this strain and as a consequence,
a normal reactivity (i.e. a lower reactivity) towards diisobutylaluminum hydride is observed for
the second carbonyl group.
The reduction of 12 with lithium aluminum hydride in tetrahydrofuran, gave a mixture of 13 and
14  plus two minor products (tlc). Prolonged treatment of 13  with a large excess of
diisobutylaluminum hydride also led to these minor products indicating that they are not due to
formation of compounds of type 15.
The two byproducts were isolated by chromatography and analyzed by mass spectrometry
revealing masses of m/z 870, (100%) and m/z 883, (100%) respectively (compared with 12
m/z 1010, 13 m/z 996, and 14 m/z 982). The NMR spectra indicated that both products had a
lower symmetry than 12 or 14, but some patterns, characteristic of the clip compounds, could still
be recognized. It was significant that the integrals in the alkyl region of the spectrum suggested
that only three octyl tails were present. In the 13C NMR spectrum of the second byproduct it was
obvious that one octyl tail was missing, since the two signals, accounting for the two α-carbon
atoms of the octyl tail in 13, now split into three signals of equal intensity.
The 13C NMR spectrum also revealed the presence of a urea carbonyl carbon atom. In the
1H NMR spectrum of the second side product, the characteristic pattern for the N-CH2-N group
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could also be seen. The combined evidence suggests that the second product is compound 16, the
mass of which is 884. The 100% peak in the mass spectrum of 16 thus is a [M-1]+ peak.
The 13C NMR spectrum of the first byproduct exhibited no carbonyl signal. and in the 1H NMR
spectrum the cavity wall signals were split into two sets, one singlet at 6.55 ppm and one double
doublet at 6.44 ppm. The most logical structure based on these observations is compound 17.
Chart 3.1 Possible side products in the reduction of clip compounds.
NN
N N
OH
O
PhPh
O C8H17
O C8H17
H17C8O
H17C8O
NN
N N
O
PhPh
(H)RO
(H)RO
OR(H)
OR(H)
NN
N N
PhPh
(H)RO
(H)RO
OR(H)
OR(H)
H
R = 3 x C8H17 and 1 x H
15 16 17
The loss of octyl tails decreases the solubility of the products and this could explain why lower
yields are obtained when the reaction is allowed to proceed long enough to reduce 12 to 14. The
products become less soluble and are lost during work-up and purification. It is interesting to note
that the reductive splitting of aliphatic phenol ethers (as in the case of 16 and 17) is commonly
performed under dissolving metal conditions. Examples applying lithium aluminum hydride or
diisobutylaluminum hydride reduction, have been reported in literature.8
In summary the results presented in this chapter show that selective reductions of the carbonyl
binding-sites in the clip molecules can be performed. One of the carbonyl groups can be reduced
selectively, but reduction of the second carbonyl group proceeds only with difficulty and in low
yield.
3.3 Experimental
Dichloromethane used in the reduction reactions was distilled from CaH2. Tetrahydrofuran  was
distilled from lithium aluminum hydride. Dichloromethane and hexane used in chromatography
were distilled using a rotary evaporator. All other solvents were reagent grade. Diisobutyl-
aluminum hydride was used as delivered.
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Melting points were determined using a Reichert melting point microscope and are uncorrected.
IR spectra were recorded on a Bio Rad FTS 25 instrument. 400 MHz 1H NMR and 100 MHz
13C NMR spectra were recorded on a Bruker AM 400 spectrometer at room temperature. TMS
(0 ppm) was used as internal reference in the 1H NMR measurements, for 13C NMR CDCl3
(77.00 ppm) or DMSO d6 (39.50 ppm) was used as internal reference. Mass spectra were
obtained on a VG 7070E instrument. Elemental analyses were obtained on a Carlo Erba
strumentazione 1180CHNS/O elemental analyzer.
Several procedures were tried in the reduction reactions. The procedures described below all
make use of diisobutylaluminum hydride as the reducing agent because of ease of use and
work-up. Products 14 , 16 , and 17 probably can be obtained in higher yields if different
procedures are used. Since the latter products were not important for us, we have not tried to
optimize these procedures. The atom numbering used in the interpretation of the NMR spectra is
given in Figure 3.1.
Compound X Y R
12 O O 4 x C8H17
13 O CH2 4 x C8H17
14 CH2 CH2 4 x C8H17
16 O CH2 3 x C8H17, 1 x H
17 CH2 CH2 3 x C8H17, 1 x H
Figure 3.1 Atom numbering used in the interpretation of NMR spectra. The labels with a
prime are only used when X and Y are different. Atoms in the octyl tails are
labeled with α-ω.
NN
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Y
OR
OR
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RO
1'
2'
1
2 3
4
5
6 7
8 9
10
3'
H
H
4'
5'8' 9'
H
H
2a 2b
2a' 2b'
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5,7,12,13b,13c,14-Hexahydro-1,4,8,11-tetraoctyloxy-13b,13c-diphenyl-6H,13H-5a,6a,12a,13a-
tetraazabenz[5,6]azuleno[2,1,8-ija]benz[f]azulene-6,13-dione, 12
Compound 12 was synthesized as described for the corresponding compound
with dimethoxybenzene walls9 starting from 2 g (5.3 mmol) of 1810 and 3.9 g
(11.7 mmol, 2.2 equiv.) of 1,4-dioctyloxybenzene. After filtration of the
product from the reaction mixture, washing with diethylether and drying in
vacuo over KOH pellets, 4.3 g. (4.3 mmol, 80%) of pure 12 was obtained:
m.p. 256 °C; IR. 1730 cm-1, 1716 cm-1 (C=O); 1H NMR (CDCl3) δ 7.03 (m,
10H, H8-10), 6.64 (s, 4H, H5), 5.50 (d, 4H, H2a, 
2J 15.7 Hz), 3.97 (m, 4H, Hα),
3.89 (d, 4H, H2b, 
2J 15.7 Hz), 3.80 (m, 4H, Hα), 1.80 (m, 8H), 1.46 (m, 8H),
1.32 (m, 32H), 0.90 (t, 12H, 3J 6.8 Hz) (Hβ-ω); 
13C NMR (CDCl3) δ 158.06 (2C, C1), 150.81 (4C,
C4), 134.71 (2C, C7), 128.20 (10C, C8-10), 128.03 (4C, C3), 113.65 (4C, C5), 85.11 (2C, C6), 70.41
(4C, Cα), 37.15 (4C, C2), 31.93 (4C), 29.61 (4C), 29.47 (4C), 29.30 (4C), 26.11 (4C), 22.69 (4C),
14.14 (4C) (Cβ-ω); MS (FAB) m/z 1011 ([M+1]
+, 17%). Anal. Calcd for C64H90N4O6: C, 76.00;
H, 8.97; N, 5.54. Found C, 75.83; H, 8.84; N, 5.53.
5,7,12,13b,13c,14-Hexahydro-1,4,8,11-tetraoctyloxy-13b,13c-diphenyl-6H,13H-5a,6a,12a,13a-
tetraazabenz[5,6]azuleno[2,1,8-ija]benz[f]azulene-6-one, 13
To a solution of 505 mg (0.5 mmol) of 12 in 10 ml of dichloromethane was added under an argon
atmosphere 3 ml (6 equiv.) of 1M diisobutylaluminum hydride in dichloromethane. The mixture
was stirred at room temperature for 4 hrs. The excess diisobutylaluminum hydride was destroyed
with 10% aqueous citric acid. After separation of the layers, the aqueous phase was extracted
with dichloromethane, the combined organic phases were washed with water (3x) and dried over
Na2SO4. After evaporation of the solvent the crude product was purified by column
chromatography (SiO2 60H, eluent dichloromethane/hexane/ethanol 66.3/33.2/0.5, v/v/v),
yielding 402 mg (0.402 mmol, 81%) of 13 as a white material: m.p. 206 °C; IR. 1708 cm-1
(C=O); 1H NMR (CDCl3) δ 7.41 (d, 2H, H8', 3J 8.3 Hz), 6.91 (m, 8H, H8,9,9',10), 6.56 (s, 4H, H5,5'),
5.38 (d, 2H, H2a, 
2J 15.7 Hz), 4.46 (d, 2H, H2a', 
2J 14.8 Hz), 4.11 (d, 1H, H1', 
2J 4.4 Hz), 3.94 (m,
2H, Hα), 3.92 (d, 4H, H2b,2b', 
2J 14.7 Hz), 3.81 (m, 4H, Hα), 3.70 (m, 2H, Hα), 3.44 (d, 1H, H1',
2J 4.4 Hz), 1.76 (m, 8H), 1.46 (m, 8H), 1.32 (m, 32H), 0.90 (m, 12H) (Hβ-ω); 
13C NMR (CDCl3)
δ 158.07 (1C, C1), 151.21 (2C), 150.22 (2C) (C4,4'), 138.17 (2C, C7), 129.29 (2C, C3'), 129.10
(2C), 128.14 (2C), 127.57 (2C), 127.18 (2C), 127.05 (2C) (C8-10), 126.68 (2C, C3), 113.07 (2C,
C5), 111.83 (2C, C5'), 90.43 (2C, C6), 70.19 (2C), 69.29 (2C) (Cα), 67.21 (1C, C1'), 41.10 (2C, C2'),
NN
N N
O
O
O OPhPh
18
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37.24 (2C, C2), 31.90 (4C), 29.66 (4C), 29.45 (4C), 29.27 (4C), 26.20 (4C), 22.67 (4C), 14.11
(4C) (Cβ-ω); MS (FAB) m/z 995 ([M-1]
+, 80%). Anal. Calcd for C64H92N4O5: C, 77.07; H, 9.30;
N, 5.62. Found C, 76.95; H, 9.32; N, 5.62.
5,7,12,13b,13c,14-Hexahydro-1,4,8,11-tetraoctyloxy-13b,13c-diphenyl-6H,13H-5a,6a,12a,13a-
tetraazabenz[5,6]azuleno[2,1,8-ija]benz[f]azulen, 14
To a solution of 100 mg (0.10 mmol) of 12 in 20 ml of tetrahydrofuran was added under an argon
atmosphere 2 ml (20 equiv.) of 1M diisobutylaluminum hydride in dichloromethane. The mixture
was refluxed for 3 hrs. The excess diisobutylaluminum hydride was destroyed with 10% aqueous
citric acid. After separation of the layers, the aqueous phase was extracted with dichloromethane,
the combined organic phases were washed with water (2x) and with brine (1x) (chloroform was
added to separate the layers) and dried over Na2SO4. After evaporation of the solvent the crude
product  was purif ied by column chromatography (SiO2 60H, eluent
dichloromethane/hexane/ethanol 66.3/33.2/0.5, v/v/v), yielding 17 mg (0.017 mmol, 17%) of 14
as a white material and 70 mg (0.070 mmol, 70%) of 13. Data for 14: m.p. 160 °C; IR. no
carbonyl absorption; 1H NMR (CDCl3) δ 7.50 (d, 4H, H8, 3J 7.3 Hz), 7.00 (dd, 4H, H9, 3J 7.3 Hz
and 7.1 Hz), 6.92 (m, 2H, H10, 
3J 7.1 Hz), 6.56 (s, 4H, H5), 4.62 (d, 4H, H2a, 
2J 15.7 Hz), 4.09 (d,
2H, H1, 
2J 2.2 Hz), 3.94 (d, 4H, H2b, 
2J 15.7 Hz),  3.77 (m, 8H, Hα), 3.68 (d, 1H, H1, 
2J 2.2 Hz),
1.71 (m, 8H), 1.45 (m, 8H), 1.33 (m, 32H), 0.92 (t, 12H, 3J 6.8 Hz) (Hβ-ω); 
13C NMR (CDCl3)
δ 151.22 (4C, C4), 131.45 (2C, C7), 130.33 (4C, C3), 130.02 (4C, C8), 127.06 (4C, C9), 126.36
(2C, C10), 111.54 (4C, C5), 90.65 (2C, C6), 69.80 (2C, C1), 69.59 (4C, Cα), 40.32 (4C, C2), 31.94
(4C), 29.68 (4C), 29.51 (4C), 29.30 (4C), 26.27 (4C), 22.71 (4C), 14.14 (4C) (Cβ-ω); MS (FAB)
m/z 982, (100%) M+. Anal. Calcd for C64H94N4O4: C, 78.16; H, 9.63; N, 5.70. Found C, 77.93;
H, 9.44; N, 5.57.
5,7,12,13b,13c,14-Hexahydro-1,4,11-tetraoctyloxy-13b,13c-diphenyl-6H,13H-5a,6a,12a,13a-
tetraazabenz[5,6]azuleno[2,1,8-ija]benz[f]azulene-6-one, or
5,7,12,13b,13c,14-Hexahydro-1,4,8-tetraoctyloxy-13b,13c-diphenyl-6H,13H-5a,6a,12a,13a-
tetraazabenz[5,6]azuleno[2,1,8-ija]benz[f]azulene-6-one, 16 and
5,7,12,13b,13c,14-Hexahydro-1,4,8-tetraoctyloxy-13b,13c-diphenyl-6H,13H-5a,6a,12a,13a-
tetraazabenz[5,6]azuleno[2,1,8-ija]benz[f]azulene, 17
To a solution of 100 mg (0.10 mmol) of 13 in 15 ml of dichloromethane was added under an
argon atmosphere 5.5 ml (55 equiv.) of 1M diisobutylaluminum hydride in dichloromethane. The
mixture was stirred for one night. The excess diisobutylaluminum hydride was destroyed with
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10% aqueous citric acid. After separation of the layers, the aqueous phase was extracted with
dichloromethane (2x), the combined organic phases were washed with water (2x) and with brine
(1x) and dried over Na2SO4. After evaporation to dryness the crude product was purified by
column chromatography (SiO2 60H, eluent dichloromethane/hexane/ethanol 66.3/33.2/0.5, v/v/v),
yielding 12 mg (0.014 mmol, 14%) of 17 and 15 mg (0.017 mmol, 17%) of 16, both as white
powders. Compound 13 was recovered in 55% yield. Compounds 16 and 17 slowly turn red on
standing.
16; 1H NMR (CDCl3) δ 7.64 (bs, 1H, ArOH), 7.59 (d, 1H, H8', 3J 8.1 Hz), 7.48 (d, 1H, H8', 3J
7.3 Hz), 7.04 (m, 8H, H8,9,9',10), 6.48 (d, 1H, 
3J 8.9 Hz), 6.43 (d, 1H, 3J 8.9 Hz), 6.14 (d, 1H,
3J 8.8 Hz), 5.91 (bd, 1H, 3J 8.8 Hz) (H5,5'), 5.45 (d, 1H, 
2J 15.7 Hz), 5.07 (d, 1H, 2J 15.7 Hz) (H2a),
4.67 (d, 2H, H2a', 
2J 16.1 Hz), 3.97 (d, 1H, H1', 
2J 4.6 Hz), 3.87 (d, 1H, H2b', 
2J 16.1 Hz), 3.84 (d,
1H, H2b', 
2J 16.1 Hz), 3.73 (m, 8H, H2a',α), 3.16 (d, 1H, H1', 
2J 4.6 Hz), 1.73 (m, 6H), 1.36 (m,
30H), 0.91 (m, 9H) (Hβ-ω); 
13C NMR (CDCl3) δ 159.53 (1C, C1) 151.14 (1C), 150.36 (2C), 148.28
(1C) (C5,5'), 137.73 (1C), 137.19 (1C) (C7), 129.44 (1C), 129.20 (1C), 128.85 (1C), 128.62 (1C),
128.30 (1C), 127.96 (1C), 127.88 (1C), 127.70 (3C), 127.64 (1C), 126.61 (1C), 126.49 (1C),
126.31 (1C) (C3,3',8,8',9,9',10), 116.93 (1C), 113.17 (1C), 113.12 (1C), 112.03 (1C) (C5,5'), 91.41 (1C),
90.51 (1C) (C6), 70.12, 69.82, 69.36, 64.68 (Cα,1'), 40.61 (1C), 40.39 (1C) (C2), 37.62 (1C), 36.93
(1C) (C2'), 31.93 (2C), 31.88 (1C), 29.76 (1C), 29.64 (1C), 29.55 (1C), 29.50 (2C), 29.44 (1C),
29.30 (3C), 26.33 (1C), 26.30 (1C), 26.05 (1C), 22.69 (3C), 14.13 (3C) (Cβ-ω); MS (FAB)
m/z 883 (100%) [M-1]+.
17; 1H NMR (CDCl3) δ 7.50 (d, 4H, H8, 3J 7.9 Hz), 7.00 (dd, 4H, H9, 3J 7.9 Hz and 7.1 Hz), 6.92
(t, 2H, H10, 
3J 7.1 Hz), 6.55 (s, 2H), 6.44 (dd, 2H, 3J 8.7 Hz) (H5), 4.63 (d, 1H, 
2J 15.7 Hz), 4.62
(d, 2H, 2J 15.7 Hz), 4.51 (d, 1H, 2J 15.9 Hz) (H2a), 4.14 (bs, 1H), 4.10 (bs, 1H) (H1), 3.99 (d, 1H,
2J 15.9 Hz), 3.94 (d, 2H, 2J 15.7 Hz), 3.93 (d, 1H, 2J 15.7 Hz) (H2b), 3.77 (m, 8H, H1,α), 1.71 (m,
6H), 1.43 (m, 6H), 1.32 (m, 24H), 0.91 (m, 9H) (Hβ-ω); 
13C NMR (CDCl3) δ 151.22 (1C), 151.15
(1C), 151.10 (1C), 147.54 (1C) (C4), 141.43 (1C), 141.39 (1C) (C7), 130.49 (2C), 130.27 (1C)
(C3), 130.07 (1C), 130.01 (3C, C8), 127.77 (1C, C3), 127.08 (4C, C9), 126.37 (2C, C10), 114.11
(1C), 112.23 (1C), 111.80 (1C), 111.58 (1C) (C5), 94.66 (C6), 69.86 (1C), 69.81 (1C), 69.67 (1C),
69.57 (1C) (Cα,1'), 40.62 (1C), 40.38 (2C), 40.33 (1C) (C2), 31.94 (2C), 29.72 (1C), 29.68 (1C),
29.53 (3C), 29.43 (2C), 29.30 (3C), 26.28 (3C), 22.70 (3C), 14.14 (3C) (Cβ-ω) MS (FAB) m/z 870
(100%) M+.
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Chapter 4
BINDING PROPERTIES OF MOLECULAR CLIPS WITH MODIFIED
BINDING SITES
4.1 Introduction
Clip molecules of type 2 in which the C=O groups are replaced by C=S, C=N-R or CH2 functions
have been described in previous chapters.1 These host molecules were synthesized in order to
evaluate the influence of a change in their H-bonding properties on the complexation of
resorcinol guest molecules. In previous studies on molecules derived from glycoluril, attention
had been focused on changes in the cavity walls.2 It was shown that in the case of the complex of
2c with resorcinol the following interactions play a role: (i) hydrogen bonding, contributing
8 kJ/mol to the binding, and (ii) a combination of π-stacking and filling of the cavity (the cavity
is too small for solvent molecules to enter), providing another 11.5 kJ/mol. In more recent work
the latter interaction was found to comprise of ≈ 5 kJ/mol π-stacking and ≈ 6 kJ/mol for filling of
the cavity.3
The results of binding studies which were carried out with the compounds described in Chapters
2 and 3 are recorded here.
4.2 Results and discussion
The binding affinities of clips 3-7 (Chart 4.1) for the reference guest resorcinol were determined
by 1H NMR titrations (see experimental part). The results are presented in Table 4.1. Data for the
reference compounds 1 and 2 are given in Figure 4.1.2
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R Ka (M
-1) ∆G (kJ/mol)
1 25 -8.0
2a H 200 -13.1
2b Me 450 -15.1
2c OMe 2600 -19.5
Figure 4.1 Association constants and Gibbs free energies of association of complexes
between resorcinol and hosts 1 and 2.2
Chart 4.1
Compounda X Y
3 S S
4 S O
5 O H2
2c O O
6a S NH
6b S N(n-Bu)
6c S N((CH2)2-t-Bu)
6d S NMe
7a O NH
7a.HBF4 O NH2
+BF4
-
7b O N(n-Bu)
a As the binding properties of clips with R = Me and R = C8H17 do not differ, the compound
numbers describe both situations
NN
N N
O
O
PhPh
R
R
R
R
NN
N N
O
O
O OPhPh
1 2
NN
N N
X
Y
PhPh
OR
OR
RO
RO
R = Me, n-C8H17
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Table 4.1 Association constants, complexation induced shift values (CIS) and Gibbs free
energies of association of complexes between clips 3-7 and resorcinol.
Compound X Y Ka (M
-1) ∆G (kJ/mol) CIS H2 (ppm)a CIS H4 (ppm)a
3 S S 50d -9.7g -1.83 -0.35
4 S O 750b -16.4e -2.49 -0.34
5 O H2 190
c -13.0f -0.98 -0.24
2c O O 2600b -19.5e -2.71 -0.42
6a S NH 4500c -20.8f -2.72 -0.40
6b S N(n-Bu) 110c -11.6f -1.18 -0.20
6c S N((CH2)2-t-Bu) 95
c -11.3f -1.56 -0.24
7a O NH 25000d -25.1g -2.72 -0.50
7b O N(n-Bu) 560b -15.7e -1.80 -0.34
7a.HBF4 O NH2
+BF4
- 175c -12.8f -0.95 -0.21
a CIS-values refer to resorcinol protons. b Estimated error 10%. c Estimated error 20%.
d Estimated error 50%. e Error ± 0.2 kJ/mol. f Error ± 0.5 kJ/mol. g Error ± 1 kJ/mol.
Focusing on compounds 2c, 3 and 4, it is clear that changing the urea groups in the clips into
thiourea groups, lowers the association constant. The effect of introducing a guanidinium group
(compounds 6 and 7) depends on whether this group contains a substituent. A relatively high
association constant is measured without substituent, whereas with a substituent the association
constant is surprisingly low.
Table 4.2 Effect of substitution of oxygen by sulfur in the various host systems.
When the effects on binding of all replacements of oxygen by sulfur in the hosts are compared
the following picture emerges (Table 4.2). The average ∆∆G values corresponding to the
From To ∆∆Ga
X Y X Y
2c O O 4 S O 3.0 (0.7)
4 S O 3 S S 6.7 (1.5)
7a O NH 6a S NH 4.3 (1.5)
7b O N(n-bu) 6b S N(n-bu) 4.1 (0.7)
a In kJ/mol (estimated error in parentheses)
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replacements total to 4 kJ/mol. The contribution of the two hydrogen bonds in the complex of
resorcinol with 2c was previously calculated to be 8 kJ/mol,3 which is twice the average
difference in Table 4.2. The effect of a hydrogen bond to a sulfur position in clip molecules on
binding can be assumed, therefore, to be close to 0 kJ/mol.
Two oxygen atoms  are stepwise replaced by sulfur atoms in going from clip 2c via clip 4 to clip
3. Table 4.2 shows that the ∆∆G change in the first step is smaller than the average ∆∆G change,
whereas in the second step it is larger.
This result can be explained as follows. The hydrogen bonds in the complex of resorcinol with
host 2c do not have an ideal geometry as was discussed previously (see Figure 4.2).2 Upon
replacement of one oxygen by sulfur, 4 kJ/mol (vide supra) would be lost if the geometry of the
complex remained the same. The resorcinol guest can strengthen its remaining hydrogen bond by
moving somewhat towards the oxygen position that is left, thereby regaining some of the lost
bonding free energy resulting in a ∆∆G value of 3 kJ/mol. After replacement of the second
oxygen this regained free energy has to be added to the amount of free energy lost in the second
substitution leading to a ∆∆G value of 6-7 kJ/mol.
Evidence of a non-symmetrical complexation of the guest in host 4 comes from calculations and
the CIS values (see Figure 4.2 B). The CIS values of the cavity walls and the H2 proton of the
guest, calculated using the Johnson and Bovey ring current model,4 are in good agreement with
the experimental values, if the offset geometry is assumed to be present.3
As a consequence of the weaker hydrogen bonding interactions, the guest is not located as deeply
in the cavity of 3 as it is in the cavity of 2c.
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Figure 4.2 A) Orientation of the guest resorcinol in the complex
with 2c (left) and in the complex with 4 (right). Left
picture is taken from Ref.2, right picture is extracted
from Figure 4.2B.
B) Quanta Charmm calculated average geometry of
the complex of host 4  wi th methyl
3,5-dihydroxybenzoate.3 Hydrogens not involved in
hydrogen bonding and the ester group are omitted for
clarity. 3
The complex of reference compound 5 has an association constant of 190 M-1. The corresponding
∆G value amounts to -13.0 kJ/mol which indicates a loss of 6.5 kJ/mol binding energy when
compared to 2c. This is significantly more than the above mentioned 4 kJ/mol per hydrogen
bond.
Calculations using the MacroModel modelling package (Amber force field) and the MOPAC
software (AM1 hamiltonian), suggests that the geometry of the clip is not altered on reduction of
the urea groups (Figure 4.3).5
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Figure 4.3 A) Front and side view of host 5 as calculated by MacroModel.5 Hydrogen atoms
(except N-CH2-N) and methoxy groups are omitted for clarity. B) Complex of host
5 with resorcinol.
A possible explanation for the large decrease in ∆G when going from the resorcinol complex of
2c to the resorcinol complex of 5 may be that in the latter complex one of the phenolic OH
groups of the guest interacts unfavorably with the endo aminal proton of the host (Figure 4.3).
The guest will then be inserted less deeply in the cavity of clip 5 than in the cavity of clip 2c,
leading to a lower association constant. The CIS value of the H2 proton of resorcinol in the
complex with 5 was found to be less negative than in the complex with 2c (Table 4.1), which is
in accordance with this suggestion. It is noteworthy that the association constant of the complex
with 5 is even lower than the association constant of the complex with 4, suggesting that host 5 is
a less suitable reference compound than host 4.
The introduction of a guanidine function strongly enhances the binding affinity of the clip
molecules as can be seen from Table 4.3. The attachment of an aliphatic chain to the exocyclic
guanidine nitrogen atom strongly decreases this affinity and brings it even below the level of the
thiourea clips (Tables 4.1 and 4.3).
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Table 4.3 Effect on host-guest binding of introduction of guanidine functions in clip
molecules
O→NH S→NH O→N(n-bu) S→N(n-bu) NH→N(n-bu)
From 2c 4 4 3 2c 4 4 3 7a 6a
To 7a 6a 7a 6a 7b 6b 7b 6b 7b 6b
∆∆Ga -5.6 (1.2) -4.4 (0.7)-8.7 (1.2) -11.1 (0.7) 3.8 (0.4) 4.8 (0.7) 0.7 (0.4) -1.9 (1.5) 9.4 (1.2) 9.2 (1.0)
a (kJ/mol, error in parentheses)
A possible explanation for the observed low binding affinities may be folding of the alkyl chains
into the cavities of the clips. The crystal structure of 6b.HClO4 suggests that the butyl tail points
away from the cavity, but a different situation may be present in solution where this tail can adopt
conformations such as I, II and III (Figure 4.4). It is obvious that a butyl tail in any position close
to conformation I will hinder complexation of the guest.
N N
N
I
III
II
N
O
N
OMe
OMeMeO
MeO
Figure 4.4 A) Possible conformations of the butyl substituent in 6b in solution. B) Crystal
structure of 6b.HClO4.
Calculations with the Cerius2 modelling program applying the Dreiding force field showed that
conformation I must be considered as a serious possibility.6,7 According to these calculations
conformation I is 4.7 kJ/mol more stable than conformation II (the conformation in the crystal
structure of 6b.HClO4) and 6.9 kJ/mol more stable than conformation III (Figure 4.5).
00
00
00
000
000
000000
000
000
00
00
00
00
000
000
00
000
000
000
000
00
000
000
00
00
0
000
000
000
000
00
00
00
00
000
000
000
000
000
00000
00
00
000
000
00
000
0
0
00
00
000
000
0
00
0
0000
000
000
000
000
000
000
0
000
00
0
0
00 0
0
00
00
000
000
000
0
00
0
000
00000
00
00
00
00
000
000
000
000
Chapter 4
82
00
00
00
000
000
00
00
00
00
00
0
00
00
00
00
00
00
000
000
00
00
00
00
000
000
00
00
00
00
00
00
00
00
00
00
00
0000
00
00 00
00
00
00
000
000
00
00
0
0
0
0
0
0
0
0
000
0
0
0
0
0
00
0
0
0
0
0
0
0
0
000
000
000
000
000
00
00
00
00
00
00
000
000
0
00
00
00
00
0
000
000
0
00
00
0
000
000
0
00
00
0
000
00000
000
00
000
000
000
000
0000
000
00 000
0
0
000
0
0
00
00
00
000
000
0
00
00
00
00
00
00
0
00
00
0
00
00
000
000
00
00
00
00
00
00
00
00
0
00
00
000
000
0
00
00
0
000
000
0
000
000
00
00
0
00
00
0
00
000
00
000
000000
000 000
000
00
00
0
00
000
0
0
0
0
000
0
0
00
00
00
0
0
0
00
00 00
000
000
0
0
00 0
0
I
(931.1)
II
(935.8)
III
(938.0)
Figure 4.5 Calculated geometries and energies (kJ/mol in paranthesis) of structures I, II, and
III of host 6b. Hydrogen atoms have been omitted for clarity.
Noe-difference and 2D Noesy experiments with the unprotonated host 6b in CDCl3 failed to
provide any evidence for the presence of conformation I. Host 6b.HClO4, however, clearly
showed a Noe contact between the β protons of the butyl substituent and the cavity wall protons
(see Figure 4.6A). Since the pKa values of resorcinol and the guanidine groups are very  different
(pKa resorcinol = 9.81
8, pKa guanidinium salts ≈ 13.59), it is likely that the guanidine function in
the clip is protonated in the presence of resorcinol and may be compared with the guanidine
function of 6b.HClO4 in solution (Figure 4.6B)
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Figure 4.6 A) 2D-Noesy spectrum of 6b.HClO4 in CDCl3. B) Conformation of 6b.HClO4 in
CDCl3 based upon the 2D-Noesy data.
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It was attempted to prevent the folding of the alkylsubstituent into the cavity of the clip by
increasing the steric demand of this substituent. Unfortunately t-butyl and neopentyl groups could
not be attached to the guanidinium functions (see Chapter 2). The largest steric bulk that could be
introduced was the 3,3-dimethylbutyl substituent. The introduction of a 3,3-dimethylbutyl group
in the clip does not increase the binding affinity for resorcinol (Table 4.1). The association
constants measured for 6c (95 M-1) and for 6b (110 M-1) agree within experimental error.
Apparently the steric bulk is too remote to have an effect on binding which is in agreement with
the depicted Figure 4.6B derived from the 2D-Noesy data in Figure 4.6A.
The methoxy groups on the cavity walls of the clip may, to a certain extent, influence the
conformation of the alkyl substituent on the nitrogen atom of the guanidine function and could
force this substituent to fold back into the cavity. Compounds 8a and 8b, which lack these
methoxy groups were prepared to test this hypothesis. The binding affinities of these hosts for
resorcinol are shown in Table 4.4 where they are compared with those of 2c, 6a and 6b.
Table 4.4 Binding affinities of clips with and without methoxy substituents for resorcinol.
R=H R=OMe
X Y Ka (M
-1) ∆G (kJ/mol) X Y Ka (M-1) ∆G (kJ/mol)
2a O O 200 -13.1 2c O O 2600 -19.5
8a S NH 450 -15.1 6a S NH 4500 -20.8
8b S N(n-bu) 110 -11.6 6b S N(n-bu) 110 -11.6
NN
N N
X
Y
PhPh
R
R
R
R
The free energy of binding becomes 2.0 kJ/mol more negative in going from 2a to 8a. A similar
result (1.3 kJ/mol more negative) is obtained when going from 2c to 6a. The loss in free energy
upon attachment of an aliphatic tail to the guanidine function is reduced to 3.5 kJ/mol when the
methoxy groups are absent, This is less than half the amount of free energy that is lost in the
corresponding change 6a to 6b (9.3 kJ/mol). This result might be an indication that  the aliphatic
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tail and the methoxy groups interact with each other, e.g. because this tail passes through the
cavity as is shown in Figure 4.6B.
The influence of protonation of the guanidine function on the binding efficiency were determined
in a final series of experiments. Protonation will block this binding site and this fact alone is
estimated to cause a loss in binding of approximately 9 kJ/mol compared to the free base (see
Table 4.5). Additionly a positive charge is introduced, which will cause a repulsive interaction
with the acidic resorcinol proton when this proton is pointing towards the binding site as it is in
the standard complex geometry. A loss of more than 9 kJ/mol association energy may be
expected because of this.
As can be seen in Table 4.1 the association constant of the complex between 7a.HBF4 is only
125 M-1 corresponding with a ∆G-value of -12.8 kJ/mol. This is a decrease in ∆G of 12.3 kJ/mol,
compared with the complex from unprotonated 7a, and is in agreement with the predicted value.
With these binding data host 7a.HBF4 places itself on the same low level as host 5, where steric
repulsion caused a strong decrease in association constant.
It could be argued that in the complexes with 7a.HBF4 and 5, the guest will adjust its position in
the cavity of the host to overcome the unfavorable electrostatic and steric interactions, e.g. by
placing its C4 carbon between the cavity walls (upside down orientation). This will increase the
overlap between the π-surfaces of the host and the guest without increasing the unfavorable
electrostatic or steric interactions. In this orientation the CIS value of H4 of resorcinol should
increase relative to the value in the complexes with higher association constants and the “classic”
geometry. It can be seen in Table 4.1, CIS values of H4 in the complexes with 7a.HBF4 and 5 do
not show any deviation from the general trend and it may be assumed that in these complexes
resorcinol also adopts the normal orientation.
By introducing changes in the hydrogen bonding sites it has been possible to control the binding
strength of the complexes of clip molecules with resorcinol. A summary of the effects of the
modification of the clips is pesented in Table 4.5. The connection of aliphatic tails to the
guanidine binding sites, with the intention of fine tuning the association strength of the complex,
reduces the interaction energy with resorcinol to zero. This is probably because these tails block
the cavity of the clip. This unfavorable effect can be reduced by removal of the methoxy groups,
but cannot be eliminated totally.
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Table 4.5 Effect of modification of the hydrogen bonding site in the clip molecules on the
free energy of binding of resorcinol.
The negative influence of the binding sites CH2 and C=NH2
+ on the free energy of binding can be
ascribed to loss of π-stacking interactions between the host and the guest, caused by steric (CH2)
or electrostatic (C=NH2
+) repulsions preventing the guest to enter deeply in the cavity of the
guest.
4.3 Experimental
4.3.1 Determination of the association constants
The type of complex formation studied in this chapter is a simple 1:1 host-guest equilibrium
described by equations (1) and (2).
H + G HG
Ka
(1)
Ka =
[HG]
[H] [G]
(2)
The concentrations of the host [H], the guest [G] and the complex [HG] are related to each other
as shown in equations (3) and (4).
Binding site ∆G (kJ/mol)
C=S 0
C=O 4
C=NH 9
C=NR 0
CH2 -2
C=NH2
+ -3
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[H] = [H]0 - [HG] (3)
[G] = [G]0 - [HG] (4)
Combining equations (3) and (4) with equation (2) leads to equation (5).
[HG] =
[H]0 + [G]0 +Ka
−1− ([H]0 + [G]0 +Ka−1)2 − 4[H]0 [G]0
2
(5)
Determination of [HG] at known values of the initial concentrations of host [H]0 and guest [G]0,
then provides a value for Ka.
The association constants of the host-guest complexes were determined by 1H NMR experiments.
Certain proton signals of the host and guest shift to different positions upon complexation. These
different shift positions cannot be found in one single spectrum, since the host-guest
complexation and the decomplexation is fast on the NMR time scale. A concentration-weighted
average of the two extreme signals (free host or guest and complex) is noted. The difference
between this weighted average signal (δmeasured) and the signal of the free probe (δfree), is a measure
for [HG] as expressed in equation (6), where ∆lim stands for complexation induced shift (CIS).
Depending on which signal is used to monitor the association process, [probe]0 should be
replaced by either [H]0 or [G]0.
∆δ = [HG]
[probe ]0
∆lim (6)
with
∆δ = δmeasured − δfree
∆lim = δcomplex − δfree
Substituting equation (5) for [HG] in (6), finally leads to an expression of ∆δ as a function of
[H]0, [G]0, Ka and ∆lim, equation (7). The association constant Ka and complexation induced shift
∆lim are unknown and have to be obtained by a fitting procedure.
∆δ = ∆lim
[H]0 + [G]0 +Ka
−1− ([H]0 + [G]0 +Ka−1)2 − 4[H]0 [G]0
2[probe ]0





 (7)
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In the present case the probe is the H2 proton of resorcinol. In the complex,
resorcinol is wedged in between the two aromatic walls of the clip and the
H2 proton is positioned in the shielded zone of two aromatic surfaces and
has a high CIS value and is, therefore, a very sensitive probe for monitoring
the complexation.
NMR titrations of the type described above have been simulated by Granot.10 He concluded that
optimal results are obtained when the probe concentration is kept constant during the titration at
0.5 Ka
-1 M and the other component is varied between (0.5 - 10) x Ka
-1. The best results are
obtained by varying the titrant with a constant factor instead of a constant increment. When these
conditions are met, eleven data points suffice for an accurate determination of the association
constant and the complexation induced shift value.
The 1H NMR titration curve can be divided into
three parts: (i) a straight initial part, (ii) a curved
part and (iii) a flattened end. This flattened end
is important for the determination of the CIS
value. For the evaluation of the association
constant, the data points in the curved and initial
sections are most important. Both these sections
should contain sufficient data points and the
initial straight part should not be too steep.
When titrations are performed under the
conditions described by Granot, the data points
will follow the middle-most curve in Figure 4.7.
This curve ends in a reasonable flattened part
which permits a sufficiently accurate
determination of the CIS value. The curve is well defined in the region 2 < [H]0/[G]0 < 10 and,
due to the increment with a constant factor, sufficient data points define the initial straight line.
A too high probe concentration results in the upper curve. The CIS value is calculated easily from
this trace, but the region defining the initial straight part and the curved part is too small. An
erroneous data point in this part of the curve cannot be compensated by the remaining data points
defining this region. Additionally, the steep slope in the region [H]0/[G]0 < 2 causes a small error
in the ratio [H]0/[G]0 to result in a large difference between the measured shift value and the value
OH
H2
HO
0
2 0
4 0
6 0
8 0
100
0 5 1 0 1 5 2 0
∆δ/(%)
[H]
0
/[G]
0
[G]
0
 = 0.5 K
a
-1
[G]
0
 = 0.05 K
a
-1
[G]
0
 = 5 K
a
-1
Figure 4.7 Influence of the probe
concentrations on the shape of
the titration curves
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calculated in the fitting procedure. Data points in the initial part of the titration curve will,
therefore, receive too much weight in the fitting procedure.
The lower curve, obtained from a titration with a too low probe concentration, does not permit a
satisfactorily determination of the CIS value. Without an accurate CIS value, correct translation
of the measured shift into a ratio [HG]/[G]0, as described in equation (6), is impossible. A large
error will be introduced in the calculation of the association constant.
The range of Ka values that can be measured according to the procedure described by Granot, is
determined by the solubility of the host and the guest and the sensitivity of the NMR
spectrometer. For example a saturated solution of resorcinol in chloroform at room temperature
contains approximately 2 mM resorcinol, corresponding with a lower limit for the determination
of Ka of 250 M
-1. To prevent that more than a thousand pulses are required in the NMR
measurements, the lower limit for the resorcinol concentration is set to 0.4 mM; this corresponds
to an upper limit of Ka = 1250 M
-1. These limits can be extended by accepting some deviation
from the optimal concentration of 0.5 x Ka
-1 for [G]0 and adjustment of the final ratios [H]0/[G]0.
Results can be obtained with reasonable experimental errors in the range
50 M-1 < Ka
-1 < 5000 M-1. Outside this range, errors in association constants of up to 50% have to
be accepted.
Titrations were performed as follows. A resorcinol stock solution (A) in CDCl3 was prepared
having a concentration between 0.4 and 2 mM. The host was dissolved in a sample of the
resorcinol stock solution to give a solution containing host and resorcinol in a 20 to 1 molar ratio
(B) (extreme high association constants required a smaller excess of host). Stock solutions A and
B were mixed at different ratios resulting in a series of solutions with constant resorcinol
concentration and a host concentration varying between 0 and 20 equivalents. NMR spectra were
recorded on a Bruker AC 100 spectrometer with chloroform as the internal standard. Association
constants and CIS values were calculated from these data using a fitting procedure written in
Matlab.11
4.3.2 Synthesis of the compounds
Resorcinol was recrystallized from toluene and dried in vacuo prior to use. Hosts 3, 4, 6, and 7
were prepared as described in Chapter 2. Host 5 was prepared as described in Chapter 3. Hosts 8a
and 8b were synthesized from 12 using a procedure similar to the one as followed for hosts 6 in
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Chapter 2. Compound 12 was synthesized following the procedure developed for 2a (Scheme
4.1).12
NN
N N
S
S
O OPhPh
NN
N N
S
S
PhPh
NN
N N
S
S
PhPh
AcO
AcO
OAc
OAc
NN
N N
S
S
PhPh
Cl
Cl
Cl
Cl
NN
N N
S
NR
PhPh
Ac2O
TosOH
SOCl2
SnCl4
benzene
9 10 11
12
1) MeOTf
2)H2NR
8 a R=H
b R=n-bu
Scheme 4.1 Synthesis of hosts 8.
Reagent grade dichloromethane stabilized with amylene was dried and stored over Mol. Sieves
4Å and used for the syntheses. Dichloromethane and chloroform used in chromatography were
distilled using a rotary evaporator. All other solvents were reagent grade. Liquid amines were
distilled from KOH pellets and stored over this reagent. All other reagents were used as
delivered.
Melting points were determined using a Reichert melting point microscope and are uncorrected.
IR spectra were recorded on a Perkin-Elmer IFT 1720 X spectrometer or a Bio Rad FTS 25
instrument. 400 MHz 1H NMR and 100 MHz 13C NMR spectra were recorded on a Bruker
AM 400 spectrometer at room temperature unless otherwise specified. TMS (0 ppm) was used as
the internal reference for 1H NMR. For 13C NMR CDCl3 (77.00 ppm) was used as the internal
reference. Mass spectra were obtained on a VG 7070E instrument. Elemental analyses were
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obtained on a Carlo Erba strumentazione 1180CHNS/O elemental analyzer. The atom numbering
used in the interpretation of the NMR spectra is shown in Figure 4.8.
NN
N N
S
X
12
8a
8b
X = S
X = NH
X = N(n-Bu)
1'
2'
1
2 3
4
5
6 7
8 9
10
3'
H
H
4'
5'8' 9'
H
H
2a 2b
2a' 2b'
Figure 4.8 Atom numbering used in the interpretation of the NMR spectra. The labels with a
prime are only used for compounds 8. Atoms in the butyl tail connected to the
guanidine nitrogen are denoted by text.
1,3,4,6-Tetrakis[(acetyloxy)methyl]tetrahydro-3a,6a-diphenyl-imidazo[4,5-d]imidazole-
2,5(1H,3H)-dithione, 10
A solution of 5.55 g (13.5 mmol) of 9 and 400 mg (0.2 equiv.) of p-TosOH.H2O in 15 ml of
acetic anhydride for 7 hrs at 135 °C. After cooling 30 ml of ether was added and stirring was
continued for 30 min. The precipitate was collected by filtration and dried in vacuo over KOH
pellets to yield 7.45 g (12.1 mmol, 90%) of 10 as a white powder: IR (KI) 1740 cm-1 (C=O,
OAc); 1H NMR (CDCl3, 100MHz) δ 7.28-7.01 (m, 6H, ArH), 6.79-6.70 (m, 4H, ArH), 5.99 and
5.57 (2 x d, 8H, NCHHO, 2J 11.1 Hz), 2.05 (s, 12H, OAc); MS (CI) m/z 614 (M+, 0.8%), 554
([M-AcOH]+, 0.8%), 512 ([M-Ac2O]
+, 2.12%), 452 ([M-Ac2O-AcOH]
+, 48.35%), 411
([M-2Ac2O]
+, 13.25%), 396 ([M-2Ac2O-O]
+, 100%). Anal. Calcd for C28H30N4O8S2: C, 54.71;
H, 4.92; N, 9.11; S, 10.43. Found: C, 54.52; H, 4.66; N, 9.03; S, 10.07.
1,3,4,6-Tetrakis[chloromethyl]tetrahydro-3a,6a-diphenyl-imidazo[4,5-d]imidazole-2,5(1H,3H)-
dithione, 11
A solution of 2.0 g (3.25 mmol) of 10 in 1 ml of dichloromethane and 3 ml of thionyl chloride
was stirred overnight. Two drops water were added to generate a catalytic amount of HCl. After
stirring for one night 5 ml of ether was added, the precipitate isolated by filtration, and dried in
vacuo over KOH pellets to give 726 mg (1.40 mmol, 43%) of 11 as a white powder: IR (KI) no
carbonyl absorption; 1H NMR (CDCl3, 100 MHz) δ 7.5-7.1 (m, 6H, ArH), 6.9-6.80 (m, 4H,
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ArH), 5.70 and 5.49 (2 x d, 8H, NCHHO, 2J 11.0 Hz); MS (CI) m/z 520 (M+, 1.56%), 485
([M-Cl]+, 3.94%), 449 ([M-2Cl]+, 1%), 410 ([M-C(S)NCH2Cl]
+, 13.32%), 348
([M-ClCH2NC(S)NCH2Cl]
+, 30.96%). Due to the instability of the compound, no satisfactory
analysis could be obtained.
5,7,12,13b,14c,14-Hexahydro-13b,13c- diphenyl-6H,13H-5a,6a,12a,13a-
tetraazabenz[5,6]azuleno[2,1,8-ija]benz[f]azulene-6,13-dithione, 12
To a solution of 2.0 g (3.84 mmol) of 11 in a mixture of 15 ml of
1,2-dichloroethane and 15 ml of benzene was added 2 ml
(4.4 equiv.) of SnCl4 and the mixture was refluxed for 1 hr. To this
mixture was added 20 ml of aqueous 6N HCl and heating was
continued for 30 min. The resulting precipitate was collected by
filtration and washed several times with water yielding 0.94 gram of
crude 12. The filtrate contained 1.0 g of 13. Both fractions were
slightly contaminated with the other fraction.
To facilitate purification, the crude residue was treated with acetic anhydride as described in the
synthesis of 10 to convert the remaining ether linkage of 13 into acetate groups. With this
treatment the difference in Rf values increased and chromatographic purification of 12 became
easier. After this treatment 12 was purified by column chromatography (SiO2 60H, eluent
chloroform/methanol 99/1, v/v) yielding 0.80 g (1.51 mmol, 39%) of 12 as a white solid: m.p.
>350°C; IR (KI) no carbonyl absorption; 1H NMR (CDCl3) δ 7.35 (m, 4H, ArH), 7.17-7.10 (m,
6H, ArH), 7.08-7.05 (m, 4H, ArH), 5.42 (d, 4H, H2a, 
2J 15.5 Hz), 4.38 (d, 4H, H2b, 
2J 15.5 Hz);
13C NMR (CDCl3) δ 182.08 (2C, C1), 135.45 (4C, C3), 132.72 (2C, C7), 130.51 (4C, C4), 129.28
(2C, C10), 128.92 (4C, C9), 128.10 (4C, C8), 127.67 (4C, C5), 92.36 (2C, C6), 48.36 (4C, C2); MS
(CI) m/z 530 (M+, 100%). Anal. Calcd for C36H34N4O4S2: C, 72.42; H, 4.94; N, 10.56; S, 12.08.
Found: C, 72.20; H, 4.91; N, 10.41; S, 11.72.
N
N N
S
S
PhPh
13
N
O
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5,7,12,13b,14c,14-Hexahydro-13b,13c- diphenyl-13-imino-6H,13H-5a,6a,12a,13a-
tetraazabenz[5,6]azuleno[2,1,8-ija]benz[f]azulene-6-thione, 8a
In a flame dried flask was suspended under an inert
atmosphere 300 mg (0.57 mmol) of 1 2  in 10 ml of
dichloromethane. To this suspension was added 70 µl
(1.1 equiv.) of MeOTf and the reaction mixture was stirred for
one night. The next day ammonia was passed over the
reaction mixture and stirring was continued for 2 hrs (the
reaction mixture did not become clear). The reaction mixture
was concentrated and the product was purified by column
chromatography on a short column (SiO2, 70-230 mesh). Elution was first carried out with
chloroform/methanol (99/1, v/v) to remove 12 and 14 followed by chloroform/methanol/water
(87/12/1, v/v/v) yielding 8a as a white powder. The latter powder was dissolved in 15 ml of
dichloromethane, the solution was washed with 3 ml of aqueous 2N NaOH (2x), dried over
Na2SO4 and concentrated. The product was redissolved in a minimal amount of dichloromethane
and after filtration of the solution over infusorial earth the compound was precipitated in hexane
while vigorously stirring. The precipitate was collected by filtration and dried in vacuo over
KOH pellets to obtain 238 mg (0.46 mmol, 82%) of 8a as a free base: m.p. 332 °C (dec.); IR (KI)
1648 cm-1 (C=N); 1H NMR (CDCl3) δ 7.39 (d, 2H, ArH, 3J 7.3 Hz), 7.25 (dd, 2H, ArH, 3J 8.4 Hz,
4J 2.3 Hz), 7.15-7.08 (m, 12H, ArH), 7.05 (d, 2H, ArH, 3J 8.5 Hz) 5.43 (bd, 2H, H2a, 
2J 15.4 Hz),
4.66 (d, 2H, H2a', 
2J 16.1 Hz), 4.36 (2d, 4H, H2b + H2b', 
2J 15.4 Hz, 2J 16.1 Hz), 2.0-2.5 (bs, NH);
13C NMR (CDCl3) 181.92 (C1), 156.75 (C1'), 136.38 (2C, C3'), 135.91 (2C, C3), 133.81 (2C, C7),
130.74 (2C, C4), 129.16 (2C, C10), 128.91 (2C, C4'), 128.71 (4C, C9,9'), 128.42 (2C), 128.24 (2C)
(C8,8'), 127.70 (4C, C5,5'), 90.40 (2C, C6), 48.39 (2C, C2), 45.87 (2C, C2'); MS (FAB) m/z 514
((M+1)+, 100%). Anal. Calcd for C32H 27N5S: C, 74.83; H, 5.30; N, 13.63; S, 6.24. Found:
C, 74.78; H, 5.04; N, 13.42; S, 5.98.
5,7,12,13b,14c,14-Hexahydro-13b,13c- diphenyl-13-butylimino-6H,13H-5a,6a,12a,13a-
tetraazabenz[5,6]azuleno[2,1,8-ija]benz[f]azulene-6-thione, 8b
In a flame dried flask was suspended in an inert atmosphere 305 mg (0.46 mmol) of 12 in 10 ml
of dichloromethane. To this suspension was added through a septum inlet 70 µl (1.1 equiv.) of
MeOTf and the reaction mixture was stirred for one night. The next day 180 µl (3.6 equiv.) of
n-BuNH2 was added. The mixture was stirred until it clarified (± 5 min.) and subsequently it was
concentrated. The product was purified by column chromatography on a short column (SiO2
NN
N N
S
O
PhPh
14
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70-230). Elution was carried out with chloroform/methanol (99/1, v/v) to remove 12 and 14
followed by chloroform/methanol/water (87/12/1, v/v/v). Compound 8b.HOTf was obtained as a
white powder.
8b: This compound was dissolved in 15 ml of dichloromethane, washed with 3 ml aqueous 2N
NaOH (2x), dried over Na2SO4 and the solution was evaporated to dryness. The product was
redissolved in a minimal amount of dichloromethane and after filtration of the solution over
infusorial earth the compound was precipitated in hexane while vigorously stirring. The
precipitate was collected by filtration and dried in vacuo over KOH pellets to yield 278 mg
(0.49 mmol, 86%) of 8b as a free base: m.p. 229 °C (dec.); IR (KBr) 1681 cm-1 (C=N); 1H NMR
(CDCl3, 400 MHz, 40°C) δ 7.37 (d, 2H, ArH, 3J 6.2 Hz), 7.23-7.01 (m, 14H, ArH), 6.97 (d, 2H,
ArH, 3J 6.6 Hz) 5.48 (d, 2H, H2a, 
2J 15.3 Hz), 4.87 (d, 2H, H2a', 
2J 18.3 Hz), 4.36 (d, 2H, H2b,
2J 15.3 Hz), 4.26 (d, 2H H2b’, 
2J 18.3 Hz), 3.66 (m, 14H, Hα), 1.49 (m, 2H), 1.38 (m, 2H), 0.93 (t,
3H, 3J 15 Hz) (Hβ-δ); 
13C NMR (CDCl3, 25°C) δ 182.06 (C1), 145 (C1'), 137.98 (2C, C3’) 136.32
(2C, C3) 134.13 (2C, C7), 128 (broad signal, 18C, C4,4’,5,5’,8-10), 91.23 (2C, C6), 48.05 (2C, C2),
47.22 (2C, C2’), 45.27 (1C) (Cα), 29.69 (1C), 20.33 (1C), 14.16 (1C) (Cβ-δ); MS (FAB) m/z 570
([M+1]+, 100%). Anal. Calcd for C36H35N5S: C, 75.89; H, 6.19; N, 2.29; S, 5.63. Found: C, 75.87;
H, 5.91; N, 12.21; S, 5.45.
8b.HClO4: This compound was redissolved in dichloromethane, washed with 2N aqueous NaOH
(2x) and with 2N aqueous HClO4 (2x) to obtain the salt 8b.HClO4. This salt was redissolved in a
minimal amount of dichloromethane and after filtration of the solution over infusorial earth
precipitated in hexane while vigorously stirring. The precipitate was collected by filtration and
dried in vacuo over P2O5 to yield 300 mg (0.45 mmol, 79%) of snow-white 8b.HClO4. IR (KBr)
1644 cm-1, 1568 cm-1 (C=N); 1H NMR (CDCl3) d 7.48 (d, 2H, H8, 
3J 6.8 Hz), 7.30-7.16 (m, 13H,
H4,4’,5,5’,9,9',10 + NH
+), 6.98 (d, 2H, H8’ 
3J 4.7 Hz), 5.55 (d, 2H, H2a, 
2J 15.7 Hz), 5.05 (d, 2H, H2a',
2J 17.1 Hz), 4.72 (d, 2H, H2b', 
2J 17.1 Hz), 4.53 (d, 2H, H2b, 
2J 15.7 Hz), 3.73 (t, 2H, Hα,
3J 7.6 Hz), 1.68 (m, 2H), 1.24 (m, 2H), 0.89 (t, 3H, 3J 7.3 Hz) (Cβ−δ); 
13C NMR (CDCl3) δ 182.58
(C1), 155.60 (C1'), 136.05 (2C), 133.85 (2C) (C3,3'), 131.34 (2C), 130.21 (2C), 130.16 (2C),
129.98 (2C), 129.19 (2C), 129.01 (2C), 128.60 (2C), 128.44 (2C), 128.30 (2C), 127.76 (2C)
(C4,4’,5,5’,7-10), 93.32 (2C, C6), 48.25 (1C, C2), 47.84 (2C, C2'), 45.63 (2C, Cα), 31.72 (1C), 19.61
(1C), 13.54 (1C) (Cβ−δ).
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1 The replacement of urea by thiourea or guanidine has been applied earlier in hydrogen bonded
complexes, but in these cases the urea binding site and its analogs were acting as hydrogen
bond donors, see for instance: Fan, E.; Van Arman, S. A.; Kincaid, S.; Hamilton, J. Am. Chem.
Soc. 1993, 115, 369. Scheerder, J.; Fochi, M.; Engbersen, J. F. J.; Reinhoudt, D. N. J. Org.
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5 MOPAC 93.00 (Quantum Chemistry Program Exchange (QCPE)), program number 455,
1990. For a description of the AM1 Hamiltonian see: Dewar, M. J. S.; Zoebish, E. G.; Healy,
E. F.; Stewart, J. J. P. J. Am. Chem. Soc., 1985, 107, 3902.
MacroModel version 4.5. The Amber force field was used (see, Weiner, S.J.; Kollman, P.A.;
Case, D.; Singh, U.C.; Alagona, G.; Profeta, S.; Weiner, P. J.Am.Chem.Soc., 1984, 106, 765)
with additional parameters for the all-atom model, see Weiner, S.J.; Kollman, P.A.; Nguyen,
N.T.; Case, D.A. J. Comput. Chem., 1987, 7, 230.
6 The program Cerius2 with the Dreiding force field was selected because the Amber Force
Field contains low quality parameters for the guanidine function and also because the AM1
hamiltonian is known to underestimate steric interactions, see Dewar, M. J. S.; Jie, C.; Yu, J.
Tetrahedron 1993, 49, 5003. Both features may be crucial in the calculations.
7 Calculations were performed using the Cerius2 version 2.0 (Molecular Simulations inc.)
applying the Dreiding force field version 2.21 (Mayo, S. L.; Olafson, B. D.; Goddard III, W.
A. J. Phys. Chem. 1990, 94, 8897). Charges were calculated with the charge equilibration
method (Cerius2 2.0). All interactions were on, no constraints were used. The cut off term was
a spline function (spline on 40 Å, spline off 45 Å).
8 Handbook of Chemistry and Physics; Weast, R.C.; Astle, M.J.; Bayer, W.H. eds.: CRC Press
inc., Boca Raton Florida, 67th ed., 1986, p.D162.
9 Yamamoto, Y.; Kojima, S. in The Chemistry of Amidines and Imidates; Vol. 2, Patai, S.;
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10 Granot, J. J. Magn. Res. 1983, 55, 216.
11 Matlab version 4.2c (The Mathworks inc.)
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Chapter 5
INTRODUCTION OF THIOUREA SITES IN CHIRAL BASKET SHA PED
MOLECULES
5.1 Introduction
One of the research interests of the Department of Organic Chemistry of the University of
Nijmegen is the development of catalytic systems which function according to the general
principles of enzymes. Chiral basket shaped molecules dervived from diphenylglycoluril (1),
which can bind substrates in their cavities have been synthesized.1 The chiral groups R* in 1
contain hydroxyl functions, which were designed to activate a carbonyl function and to position it
in the correct orientation for reaction with another molecule. The catalytic systems were tested in
the hydrocyanation of aldehydes, the Baylis-Hillman reaction, and also in the addition of
thiophenol to a Michael system,). The working model for the hydrocyanation reaction and the
Bayliss-Hillman reaction is shown in Figure 5.1. The host forms a complex with the substrate,
3,5-dihydroxybenzaldehyde, and the hydroxyl group of the chiral group R* places the carbonyl
function in a favourable position for attack by a nucleophile (Nu-) by forming a hydrogen bond
with the carbonyl oxygen atom. The nucleophile is activated by the opposing nitrogen atom in the
host and the chiral ensembly of molecules was hoped to react in an enantioselective manner.
In the thiophenol addition reaction p-hydroxythiophenol acts as the guest. According to the
model the thiol will be deprotonated by the tertiairy amine group of the host and add as a
nucleophile to cyclohexenone, which is activated and placed in the correct position by the
hydroxyl functions of the chiral groups R*.
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Figure 5.1 General structure of hosts 1 and a model showing how nucleophilic attack on
3,5-dihydroxybenzaldehyde may be controlled by  host 1.
Experiments that were carried out following the concept described above, gave disappointing
results. In the hydrocyanation reaction and the thiophenol addition reactions, the e.e. values
varied from 0-10%, and in the Baylis-Hillman reaction only host 1 with R* = -CH2CH(OH)CH3
was able to catalyze the reaction, but without any chiral induction.
The X-ray structure of single crystals of 1 R* = -CH2CH(OH)CH3 (Figure 5.2), NOE 
1H NMR
experiments and theoretical calculations, suggested that the chiral groups R* in the hosts were
bent away from the reaction centers due to intramolecular hydrogen bond formation between the
hydroxyl functions and the glycoluril oxygen atoms.1
In the case of the complex of 1 with 3,5-dihydroxybenzaldehyde, NOE measurements indicated
that the side chains R* were located at both the upper (concave) and the lower (convex) side of
the host. Apparently the former location was not selective enough for inducing a chiral reaction.
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Figure 5.2 X-ray structure of the two conformations of 1 (R* = CH2CH(OH)CH3). The
distances between the side chain alcohol oxygen atoms and the urea carbonyl
oxygen atoms are indicated.
Since procedures had been developed to replace the oxygen atoms in glycoluril by sulfur atoms
(see Chapter 2), it became of interest to test if the replacement of one or two carbonyl oxygen
atoms by sulfur atoms in host 1 would reduce the H-bonding interactions between the carbonyl
urea groups and the OH groups of the side chains and allow the latter chains to take the desired
positions and induce chirality in the reactions to be catalyzed.
5.2 Synthesis of sulfur containing chiral baskets
For the synthesis of the sulfur containing chiral baskets the same route as used for the synthesis
of molecules 1 (Scheme 5.1) was followed. Clip precursor 2 was synthesized as described in
Chapter 2 and 2(2-chloroethoxy)ethyl side chains were connected to hydroquinone by a known
procedure.1,2 These two fragments were coupled to give basket precursor 3 in 51% yield applying
the same conditions as described in Chapter 2 for the coupling of dimethoxybenzene with 2.
Precursor 3 was then converted into a basket compound by closing the 2(2-chloroethoxy)ethyl
side chains with the amines shown in Chart 5.1. When 3 was subjected to the conditions used in
the synthesis of 1, four new products, instead of the two expected (an intermediate half-closed
basket compound and basket 4) were found.
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Scheme 5.1 Synthesis of sulfur containing basket molecules.
Chart 5.1
NH2
OH
NH2
OH
NH2
OH
Me
Ph Me
Me
a
(1S,2R)-(+)-
norefedrine
b
R-(-)-1-amino-
2-propanol
c
S-(-)-2-amino-
1-propanol
* * * *
Introduction of thiourea binding sites in chiral basket shaped molecules
101
I.R. spectrospy of the partially purified products revealed that two fractions contained compounds
with urea carbonyl groups, indicating that under the reaction conditions partial exchange of sulfur
by oxygen had taken place. In view of the effort spent to achieve this exchange (Chapter 2), it
was surprising that it now seemed to occur relatively easily and under mild conditions. When clip
5 was treated with an excess of propyl iodide under the same conditions for two days no
exchange (Scheme 5.2) took place. Apparently, the long reaction times and the possibility of
intramolecular activition in 4, caused the partial exchange of sulfur by oxygen.
NN
N N
S
S
PhPh
OMe
OMe
MeO
MeO
NaI, K2CO3,
acetonitrile, ∆ No S/O exchange
5
Scheme 5.2
It is proposed that the following events take place during the reaction. Initially, the chlorine
atoms in 3 are replaced by iodine to give the activated basket precursor 6 (Scheme 5.3 and
Scheme 5.4). The α-iodine carbon can be attacked by the amine leading, after closing of one aza
crown ether ring, to intermediate 8, or can be attacked intramolecularly by sulfur, leading to thia
crown intermediate 7. This intramolecular S/O exchange is depicted in detail in Scheme 5.3 for
the conversion of 6 into 7. Repeating these reactions then leads to the formation of products 4, 9
and 10 (compounds 4 were isolated and characterized for all amines, compounds 9 were isolated
and characterized for amines b and c, compound 10 was detected on only one occasion, see
section 5.3).
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The unexpected outcome of the reaction indicated that the originally intended product 4 was
probably not the most interesting compound for this study. Compound 9, formed by replacement
of one of the thiourea sulfur atoms by oxygen, could be a far more interesting chiral catalyst (vide
infra).
In Chapter 4 it was shown that thiocarbonyl functions are very weak hydrogen bond acceptors.
When guest molecules are bound by compound 4, they will form hydrogen bonds with the aza
crown ether nitrogen atoms. Previous work has shown that these nitrogen atoms can participate in
the binding process.3 As a result of the complexation of guest molecules by the nitrogen centers,
3,5-dihydroxybenzaldehyde will be positioned above the cavity of the host, rather than in the
cavity, which leads to the positioning of the aldehyde reaction center out of reach of the chiral
alcohol functions.
When hosts 9 and 4 are compared as possible catalysts for the addition of p-hydroxythiophenol to
cyclohexenone (Figure 5.3), it is obvious that the former is the most suitable alternative for host
1. The absence of chiral induction in the reactions catalyzed by 1 is caused by the inability of the
chiral side chains to participate in the reaction because of internal hydrogen bond formation with
the urea carbonyl groups (see introduction section). The thiocarbonyl funtion in 9 will allow the
chiral chain of the nearby crown ether ring to move to the upper (concave) side of the complex,
where the reaction takes place. Due to the position of the substituents in the guest
(p-hydroxythiophenol) the urea carbonyl group can be used for binding. The fact that the chiral
amino alcohol function at the urea carbonyl side in 9 is missing is not a problem because this
function is not expected to contribute to any chiral induction in the reactions, due to the
intramolecular hydrogen bond formation.
Since compound 9 was supposed to be an interesting catalyst for the thiol addition reaction
attempts were made to adjust the course of the reaction of compound 3 with the amines to take
place in favour of compound 9. To this end the amount and the addition rate of the chiral amine
was varied. The amount of added salts was changed and some water was added to the reaction
mixture. These modifications did not have the desired effect. Reducing the amount of chiral
amine lowered the yield of isolated 4, but did not increase the yield of 9.
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Figure 5.3 Model showing how host 9 might catalyze the addition of p-hydroxythiophenol to
cyclohexenone
5.3 Purification of compounds 4 and 9
One of the problems in the synthesis of hosts of type 1 is their purification. Some of them can be
purified relatively easily by column chromatography, if a small amount of triethylamine is added
to the eluent, but most hosts require chromatography on silica gel impregnated with potassium
bromide (at the cost of 40-60% of the product). The above described synthesis of 4 resulted in a
mixture of four products instead of two, making purification even more complicated. The
addition of triethylamine to the eluent ensured that the starting material could be separated from
the products, but further separation of the mixture was not achieved. It was possible to isolate
compound 4a (12%), if the silica gel used for column chromatography was pre-impregnated with
potassium bromide, and if chloroform/methanol 97/3 (v/v) was used as the eluent. The NMR
spectrum of 4, however, still showed the presence of a small amount of contaminations, which
could not be ascribed to residual solvents. For all other compounds column chromatography
appeared to be unsuccessful. A sequence of counter current separations using a mixture of
methanol/acetate buffer (pH = 7)/chloroform/carbon tetrachloride 10/3/6/4 (v/v/v/v), followed by
column chromatography with triethylamine added to the eluent, and finally repeated thick layer
chromatography on silica gel plates impregnated with potassium bromide, resulted in enriched
fractions of compounds 4b, 4c, 9b and 9c having satisfactory elemental analysis. The yields were
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0.5, 0.3, 0.7, and 1.7% respectively. The 1H NMR spectra of these compounds, as in the case of
4a contained minor signals which could not be ascribed to residual solvents. Furthermore, the
I.R. spectra of 4a, 4b, and 4c still showed small C=O absorptions. Repeat of these purification
procedures was very difficult, especially the counter current separation. To obtain a product it is
essential not to use ammonium acetate, but sodium acetate as the salt in the acetate buffer
solution. Ammonium acetate causes foaming during the work up procedure which strongly
reduces the isolated yield. HPLC on the reversed phase column materials RP2, RP8, and RP18
with various solvent systems was attempted, but no combination was capable of separating the
products. HPLC on straight phase silica gel, with triethylamine added to the eluent, was also
unsuccessful.
The enriched fractions obtained by the procedures described above, were sufficiently pure to be
characterized by NMR and mass spectroscopy.
5.4 Determination of the conformation of compound 4a and the complex of 4a with
3,5-dihydroxybenzaldehyde
Extensive NMR and computational studies have been performed to elucidate the structure of host
1a in solution.1, Four conformations were considered a priori as being reasonable possibilities. In
these conformations the substituents R* are located above the crown ether rings (III), below the
crown ether rings (I), at an intermediate position (II) and complexed in the cavity (IV) (Figure
5.4). NOESY and NOE NMR meaurements indicated that the average structure of host 1a in
solution was best described by I.
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Figure 5.4 Possible positions of the substituent R* in the crown ether side chains of hosts of
type 1.
Similar NMR studies were performed on compound 4a in order to investigate what effect the
replacement of the urea groups by the thiourea groups would have on the conformation of the
host molecules. This compound was chosen because of the ease of comparison with previous
studies and because sufficient material was available. The observed NOE contacts between the
chiral side chains and the framework of the host are shown in Figure 5.5, together with the data
obtained previously for host 1a.
Chapter 5
108
N
NN
N
OO
Ph
Ph
O
O
O
O
N
O
O
O
O
N
HO H HMe
Hi
OHH
HMeHa
Hb
Hf
Hg
Hd
He
N
NN
N
SS
Ph
Ph
O
O
O
O
N
O
O
O
O
N
HO H H Me
Hi
OHH
HMeHa
Hb
Hf
Hg
Hd
He
Hc
Hc
Figure 5.5 NOE contacts between the chiral side chains and the framework in hosts 1a and
4a. Contacts within the host and within the side chains have been omitted for
clarity.
No contacts could be found between the side chain protons Hi and protons Ha and Hb of the
framework in host 4a, but a contact between Hi and the protons of the phenyl glycoluril groups
was observed. A cross peak between Hi and the wall protons Hc was also seen. This observation
suggests that compound 4a preferentially adopts conformations I and III in solution.
Complexation of 3,5-dihydroxybenzaldehyde should now force the chiral side chain, via
hydrogen bonding to the carbonyl group of the guest, into position III.
Introduction of thiourea binding sites in chiral basket shaped molecules
109
In a second series of experiments a solution of 4a was saturated with 3,5-dihydroxybenzaldehyde
using ultrasound. Only 0.3 equivalent of 3,5-dihydroxybenzaldehyde was found to be
incorporated under these conditions. This was an unexpected result and was probably due to the
lower binding ability of the thioura based host. In the case of host 1a, the addition of 1 equivalent
of 3,5-dihydroxybenzaldehyde was not a problem and gave a completely soluble complex.
In the NMR spectrum of the 10 to 3 molar mixture and 3,5-dihydroxybenzaldehyde, the H2 proton
of 3,5-dihydroxybenzaldehyde was shifted 0.9 ppm upfield. Due to the incomplete solubility of
3,5-dihydroxybenzaldehyde in chloroform this shift may be regarded as a good estimate of the
complexation induced shift (CIS) value of this proton. The corresponding CIS values for the
complex of 3,5-dihydroxybenzaldehyde with host 1a, where both components are present in a 1:1
ratio, is 2.23 ppm. Host proton Hc of 4a was found to be shifted 0.05 ppm upfield, when corrected
for 100% complexation this corresponds to a CIS value of approximately 0.15 ppm. The latter
value was approximately 0.5 ppm in the complex with 1a. These shift values suggest that the
guest is not located in the cavity of host 4a, but remains more above it.
The signals of the N(CH2) protons of the crown ether rings became sharper after complexation.
This could be indicative of hydrogen bond formation between the hydroxy functions of the guest
and the nitrogen atoms of the host. Such hydrogen bonding may prevent inversion at the nitrogen
centers of the host, which in turn will lead to sharpening of the 1H NMR signals.
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Figure 5.6 Observed close contacts in the complexes of 1a  and 4a  with 3,5-dihydroxy-
benzaldehyde. Contacts within the host, within the side chains and within the guest
have been omitted for clarity.
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The most important NOE contacts in the complexes of 3,5-dihydroxybenzaldehyde with hosts 1
and 4 are shown in Figure 5.6. It can be seen in this figure that the number of close contacts is
larger than in the free hosts. In the complex with 1a an additional contact is present between
proton Hi and the cavity wall proton Hc, indicative of the presence of both conformations I and
III.1 A negative NOE enhancement of the ortho protons of the glycoluril phenyl groups by the
cavity wall protons Hc can be observed. This was explained earlier by assuming that the aromatic
protons of the ephedrine side chains function as a shuttle between these protons. 1 The exchange
of the side chains between positions I and III was shown to be fast on the timescale of the NMR
experiments.
There is evidence for both conformations I and III in the NOESY spectrum of the complex with
4a. The contacts between Hi and the glycoluril phenyl protons have disappeared and are replaced
by a contact between Hi and Ha. The appearance of a cross peak between the proton α to the
hydroxyl group of the chiral side chain and proton Ha is noteworthy. This suggests that in
conformation I the chiral ephedrine chain is situated relatively far downwards. In the complex
with 1a the guest protons H1 and H2 have a cross peak with the cavity wall protons Hc indicating
that the guest is inserted between the aromatic walls of the host. These cross peaks are absent in
the spectra of the complex with 4a, a further indication that the guest is bound above, instead of
inside the cavity.
The objective of replacing the urea functions in 1 by thiourea functions, was to force the chiral
side chains to move to position III. According to the NOE effects, the opposite has occurred.
Complexation of the guest (above the cavity of 4) has shifted the equilibrium between positions I
and III, but further towards I. Furthermore, given the appearance of a cross peak between the
proton α to the hydroxyl group of the chiral side chain and proton Ha, this chiral side chain in
position I is moved further away from the cavity than in the situation without the presence of a
guest. This result can be understood as follows. For most effective binding, the nitrogen lone
pairs of 4 have to be directed towards the hydroxyl functions of the guest. The tetrahedral
geometry of the protonated tertiary amine functions forces the side chain in the direction of
position I or II. The guest is barely wedged in between the cavity walls, but held by the crown
ether nitrogen atoms. As a consequence, the aldehyde function of the guest is in an unfavorable
position for hydrogen bond formation with the hydroxyl functions of the side chains. Orientation
III of the side chains is inhibited and the equilibrium between position I and III is shifted
towards the former position.
To conclude, it had been shown previously that in hosts 1 the side chains prefer to be in position
I. Complexation of a guest induces an equilibrium in which the side chains shift between
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positions I and III. Replacement of the urea oxygen atoms by sulfur atoms creates a situation in
which the side chains also shift between positions I and II. Addition of a guest, however, forces
the equilibrium back to position I, as is illustrated in Figure 5.7.
This negative result, together with the problems encountered in the purification and isolation of
the hosts 4 and 9, necessitated the abandonment of this project.
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Figure 5.7 Effects of guest complexation and replacement of the urea functions for thiourea
functions on the conformations of the chiral side chains R* in host molecules
derived from diphenylglycoluril
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5.5 Experimental
Acetonitrile was dried over CaH2 and stored over Mol. Sieves 4Å prior to use. All other solvents
and reagents were used as delivered.
Potassium bromide impregnated silicagel was prepared as follows, silicagel 60H was suspended
in demineralized water containing 5% potassium bromide. After complete saturation, the excess
of water was decanted and the silicagel dried in an oven at 120°C for 3 days. The resulting
material was powdered in a mortar and used for column chromatography.
TLC plates used in preparative TLC were saturated with demineralized water containing 10%
potassium bromide and dried in a stove at 120°C overnight.
Upper and lower phases for counter current separations were prepared by mixing methanol,
aqueous acetate buffer (9 g sodium acetate and 14.3 ml acetic acid adjusted to a volume of
500 ml with demineralised water pH ≈ 7), chloroform, and carbon tetrachloride 10/3/6/4 (v/v/v/v)
for 30 min. and separating the two layers in a separatory funnel.
Melting points were determined using a Reichert melting point microscope and are uncorrected.
IR spectra were recorded on a Perkin-Elmer 298 spectrometer. 400 MHz 1H NMR and 100 MHz
13C NMR spectra were recorded on a Bruker AM 400 spectrometer at room temperature. TMS
(0 ppm) was used as the internal reference for 1H NMR and, for 13C NMR CDCl3 (77.00 ppm)
was used as the internal reference. Mass spectra were recorded on a VG 7070E instrument.
Elemental analyses were performed on a Carlo Erba strumentazione 1180CHNS/O elemental
analyzer. The atom numbering used in the interpretation of the NMR spectra is shown in
Figure 5.8.
Compound X Y Z
3 S 2 x Cl 2 x Cl
4 S -N(R*)- -N(R*)-
9 O -N(R*)- -S-
Figure 5.8 Atom numbering used in the interpretation
of the NMR spectra.
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Compound 2 was synthesized as descibed in Chapter 2, and 1,4-bis-(2-(2-chloroethoxy)ethoxy)-
benzene was prepared according to a method developed in our laboratory.1
1,4,8,11-Tetrakis[2-(2-chloroethoxy)ethoxy]-5,7,12,13b,13c,14-hexahydro-13b,13c-diphenyl-cis-
6H,13H,5a,6a,12a,13a-tetraazabenz[5,6]azuleno[2,1,8-ija]benz[f]azulene-6,13-dione, 3
A solution of 9.71 g (23.7 mmol) of 2 in 50 ml TFA/Ac2O (1/1, v/v) and stirred at 110 °C for 30
min. and 16.8 g (52.0 mmol, 2.2 equiv.) of 1,4-bis-(2-(2-chloroethoxy)ethoxy)benzene was added
and stirring continued for an hour at 110 °C. After cooling 100 ml of methanol was added
carefully while stirring vigorously. The precipitate was isolated by filtration and washed with
cold ether (2x). The crude product was purified by flash chromatography on silicagel 60H with
chloroform/methanol (97/3, v/v) as eluent yielding 12.3 g (12.0 mmol, 51%) of pure 3 as a white
powder: m.p. 243-246 °C; IR (KBr) no carbonyl absorption; 1H NMR (CDCl3) δ 7.12-7.08 (m,
6H, H8,10), 6.99-6.97 (m, 4H, H9), 6.74 (s, 4H, H5), 6.19 (d, 4H, H2a, 
2J 15.8 Hz), 4.13-4.02 (m,
16H, H2b,11ab,12a), 3.93-3.87 (m, 12H, H12b,13ab), 3.69-3.66 (m, 8H, H14ab); 
13C NMR (CDCl3)
δ 182.39 (2C, C1), 150.85 (2C, C4), 132.76 (2C, C7), 129.01 (2C, C10), 128.74 (4C, C9), 128.00
(4C, C8), 126.80 (4C, C3), 113.93 (4C, C5) , 92.25 (2C, C6), 71.58 (4C, C11), 70.24 (4C, C12),
69.74 (4C, C13), 42.96 (4C, C14), 40.92 (4C, C2); MS (FAB) m/z 1021 ([M+1]
+, 100%). Anal.
Calcd for C48H54N4O8S2: C, 56.47; H, 5.33; N, 5.49; S, 6.28. Found: C, 56.14; H, 5.27; N, 5.40; S,
5.83.
Compounds 4 and 9 were prepared as described for the synthesis of 1 in reference 1. After
evaporation to dryness, the excess amine was removed from the crude reaction mixture by
stirring in boiling ether followed by filtration. The products were purified as described for the
individual compounds. After purification, the products were dissolved in chloroform. The
solution was washed with aqueous 1M potassium carbonate (2x), and with demi-water (2x), and
concentrated. The residue was redissolved in chloroform, and the solution was filtered over
infusorial earth. The product was precipitated by pouring the chloroform solution in hexane.
After filtration the residue was dried in vacuo at 80 °C.
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2a,8,9,12,13,14,15,17,18,25,26,29,30,31,32,34,35,38b-Octadecahydro-2a,38b-diphenyl-13,30-
bis(-2-(2S,1R)-[2-methyl-1-phenyl]ethanol)-1H,4H-6,37:20,23-dietheno-2,22:3,21-dimethano-
5H,11H,28H,38H-7,10,16,19,24,27,33,36-octaoxa-2,3,4a,13,30,38a-
hexaazacyclopenta[cd]cyclotetratriacont[g]azulene-1,4-dithione 4a
Reactants: 2.0 g (1.96 mmol) of 3, 20 g of NaI, 6.5 g of Na2CO3 and 674 mg (4.46 mmol,
2.3 equiv) of (1S, 2R)-(+)-norephedrine. The latter compound was added in two portions:
2.46 mmol (refluxing time 1 day) and 2 mmol (refluxing time 11 days). After work-up, 2.6 g of
crude product was isolated. Purification by column chromatography (potassium bromide
impregnated silica gel, eluent chloroform/methanol, 97/3, v/v) yielded 422 mg of 4a as a yellow
powder. After the washing and precipitation procedure described above, 274 mg (0.23 mmol,
12%) remained as a white powder: m.p. 257-260 °C (dec.); IR (KBr) weak carbonyl absorption at
1730 cm-1; 1H NMR (CDCl3) δ 7.36-7.22 (m: 10H, ephedra ArH), 7.13-7.03 (m, 10H, H8-10), 6.76
(s, 4H, H5), 6.32 (2 x d, 4H, H2a, 
2J 15.8 Hz), 4.81 (s, 2H, ephedra OH), 4.20-3.87 (m, 30H,
H2b,11ab,12ab,13ab ephedra α−hydroxyl H), 3.07 (bs, 2H, benzylic H), 2.87-2.75 (bs + bd, 8H, H14ab),
0.94 (d, 6H, ephedra methyl, 3J 6.8 Hz); 13C NMR (CDCl3) δ 182.11 (2C, C1), 150.73 (2C, C4),
142.25 (2C, ephedra ipso C), 132.99 (2C, C7), 129.07 (2C, C10), 128.82 (4C, C9), 128.20 (4C, C8),
127.83 (4C, ephedra meta C), 127.06 and 126.90 (4C, C 3), 126.73 (2C, ephedra para C), 126.10
(4C, ephedra ortho C), 113.85 and 113.39 (4C, C5), 92.25 (2C, C6 ), 75.33 (2C,
ephedra α-hydroxyl C), 70.93 and 70.42 (4C, C11), 69.72, 69.55, 69.18 and 68.69 (8C, C12,13),
62.58 (2C, ephedra benzylic C), 52.18 and 51.27 (4C, C14), 40.88 (4C, C2), 9.99 (2C,
ephedra methyl C); MS (FAB) m/z 1178 ([M+1]+, 52%). Anal. Calcd for C66H 76N6O10S2:
C, 66.31; H, 6.58; N, 7.03; S, 5.36. Found: C, 66.08; H, 6.25; N, 6.97; S, 5.80.
2a,8,9,12,13,14,15,17,18,25,26,29,30,31,32,34,35,38b-Octadecahydro-2a,38b-diphenyl-13,30-
bis(-1-(R)-propane-2-ol)-1H,4H-6,37:20,23-dietheno-2,22:3,21-dimethano-5H,11H,28H,38H-
7,10,16,19,24,27,33,36-octaoxa-2,3,4a,13,30,38a-
hexaazacyclopenta[cd]cyclotetratriacont[g]azulene-1,4-dithione 4b
Reactants: 4.0 g (3.92 mmol)of  3 , 20 g of NaI, 60 g of K2CO3 and 730 mg (9.72 mmol,
2.5 equiv.) of (R)-(-)-1-amino-2-propanol. The latter compound was added in two portions:
5.88 mmol (refluxing time 3 days) and 3.84 mmol (refluxing time 7 days).
After work-up, 3.44 g of crude product was isolated. Purification by counter current yielded 533 
mg of 4 b and 584 mg of 9b as yellow powders. After preparative TLC and washing and
precipitation as described above (9b was still heavily contaminated), 20 mg (0.02 mmol, 0.5%) of
4b remained as a white powder: m.p. 269-274 °C (dec.); IR (KBr) weak carbonyl absorption at
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1750 cm-1; 1H NMR (CDCl3) δ 7.10-7.01 (m, 10H, H8-10), 6.72 (s, 4H, H5), 6.31 (d, 4H, H2a,
2J 15.9 Hz), 4.14-3.69 (m, 32H, H2b,11ab,12ab,13ab OH, α−hydroxyl H), 3.00-2.82 (m, 8H, H14ab), 2.64
(dd, 2H, 2J 12.8 Hz, 3J 2.4 Hz) and 2.33 (dd, 2H, 2J 12.8 Hz, 3J 10.4 Hz) (N-C  H  H-C(H)OHMe),
1.12 (d, 6H, methyl, 3J 6.1 Hz); 13C NMR (CDCl3) δ 182.17 (2C, C1), 150.64 (2C, C4), 133.04
(2C, C7), 129.01 (2C, C10), 128.76 (4C, C9), 128.20 (4C, C8), 126.91 (4C, C3), 113.36 and 113.23
(4C, C5), 92.22 (2C, C6), 69.91, 69.66, 69.55, 69.44, 68.94 and 68.75 (12C, C11,12,13), 63.95 (2C,
N  CH2 C(H)OHMe), 63.48 (2C, α-hydroxyl C), 54.77 and 54.62 (4C, C14), 40.87 (4C, C2), 19.61
(2C, methyl); MS (FAB) m/z 1026 ([M+2]+, 100%). Anal. Calcd for C54H 68N6O10S2.H2O:
C, 62.17; H, 6.76; N, 8.09; S, 6.14. Found: C, 61.63; H, 6.50; N, 7.82; S, 5.90.
2a,8,9,12,13,14,15,17,18,25,26,29,30,31,32,34,35,38b-Octadecahydro-2a,38b-diphenyl-13(-1-
(R)-propane-2-ol)-1H,4H-6,37:20,23-dietheno-2,22:3,21-dimethano-5H,11H,28H,38H-
7,10,16,19,24,27,33,36-octaoxa-2,3,4a,13,38a-hexaaza-30-thia-1-
thioxocyclopenta[cd]cyclotetratriacont[g]azulene-4-one 9b
Reactants: 4.0 g (3.92 mmol) of 3 , 20 g of NaI, 60 g of K2CO3 and 294 mg (3.91 mmol,
1.0 equiv.) of (R)-(-)-1-amino-2-propanol.Refluxing time 6 days. After work-up, 2.10 g of crude
product was isolated. Purification by counter current yields 297 mg of 9b as a yellow powder.
After column chromatography (SiO2 60H elution with chloroform/methanol/triethylamine,
97/2/1, v/v/v), preparative TLC and the washing and precipitation procedure as described above,
10 mg (0.01 mmol, 0.3%) of 9b remained as a white powder: m.p. 270-274 °C (dec.); IR (KBr)
1750 cm-1 (C=O); 1H NMR (CDCl3) δ 7.11-7.02 (m, 10H, H8-10), 6.72 (s, 4H, H5), 6.29 (d, 2H,
H2a, 
2 J 15.8 Hz), 5.70 (d, 2H, H2a', 
2 J 16.2 Hz), 4.19-3.71 (m, 30H, H2b,11ab,12ab,13ab OH,
α−hydroxyl H), 2.97-2.89 (m, 8H, H1 4 a b), 2.64 (bd, 1H) and 2.34 (bt(bdd), 1H)
(N-C   H    H-C(H)OHMe, 1.12 (d, 6H, methyl, 3J 6.1 Hz); MS (FAB) m/z 968 ([M+1]+, 100%). Anal.
Calcd for C51H61N5O10S2.: C, 63.27; H, 6.62; N, 7.23; S, 6.62. Found: C, 63.46; H, 6.65; N, 7.13;
S, 5.65.
2a,8,9,12,13,14,15,17,18,25,26,29,30,31,32,34,35,38b-Octadecahydro-2a,38b-diphenyl-13,30-
bis(-2-(S)-propane-1-ol)-1H,4H-6,37:20,23-dietheno-2,22:3,21-dimethano-5H,11H,28H,38H-
7,10,16,19,24,27,33,36-octaoxa-2,3,4a,13,30,38a-
hexaazacyclopenta[cd]cyclotetratriacont[g]azulene-1,4-dithione 4
and 2a,8,9,12,13,14,15,17,18,25,26,29,30,31,32,34,35,38b-Octadecahydro-2a,38b-diphenyl-13(-
2-(S)-propane-1-ol)-1H,4H-6,37:20,23-dietheno-2,22:3,21-dimethano-5H,11H,28H,38H-
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7,10,16,19,24,27,33,36-octaoxa-2,3,4a,13,38a-hexaaza-30-thia-1-
thioxocyclopenta[cd]cyclotetratriacont[g]azulene-4-one 9c
Reactants: 1.85 g (1.81 mmol) of 3, 20 g of NaI, 6.5 g of Na2CO3 and 370 mg (4.93 mmol,
2.7 equiv.) of (S)-(+)-2-amino-1-propanol. The latter compound was added in two portions:
2.91 mmol (refluxing time 2 days) and 2.02 mmol (refluxing time 13 days). After work-up,
2.43 g of crude product was isolated. Purification by counter current yields 387 mg of 4c and
656 mg of 9c as yellow powders. After column chromatography (SiO2 60H elution with
chloroform/methanol/triethylamine, 97/2/1, v/v/v) and the washing and precipitation procedure as
described above, 13 mg (0.01 mmol, 0.7%) of 4c remained as a white powder. Compound 9c
required column chromatography (SiO2 60H elution with chloroform/methanol/triethylamine,
97/2/1, v/v/v), preparative TLC and washing and precipitation as described above to give 29 mg
(0.03 mmol, 1.7%) of 9c.
4c: m.p. 260-270 °C (dec.); IR (KBr) weak carbonyl absorption at 1750 cm-1; 1H NMR (CDCl3)
δ 7.13-7.02 (m, 10H, H8-10), 6.76 (s, 4H, H5), 6.30 and 6.28 (2 x d, 4H, H2a, 2J 15.8 Hz), 4.16-3.67
(m, 30H, H2b,11ab,12ab,13ab NC  H(Me)(CH2OH), O  H), 3.38 (dd, 2H, α-hydroxyl, 2J 10.5 Hz,
3J 4.9 Hz), 3.28 (dd, 2H, α-hydroxyl, 2J 10.5 Hz, 3J 10.5 Hz), 2.94-2.67 (m, 8H, H14ab), 0.92 (d,
6H, methyl, 3J 6.1 Hz); MS (FAB) m/z 1025 ([M+1]+, 100%). Anal. Calcd for
C54H68N6O10S2.H2O: C, 62.17; H, 6.76; N, 8.09; S, 6.14. Found: C, 61.74; H, 6.67; N, 7.49;
S, 5.99.
9c: m.p. 273-280 °C (dec.); IR (KBr) 1750 cm-1 (C=O); 1H NMR (CDCl3) δ 7.11-7.03 (m, 10H,
H8-10), 6.76-6.70 (m, 4H, H5), 6.27 (d, 2H, H2a, 
2J 15.8 Hz), 5.71 (d, 1H, H2a', 
2J 16.1 Hz), 5.70 (d,
1H, H2a', 
2J 16.1 Hz), 4.19-3.65 (m, 28H, H2b,11ab,12ab,13ab NC  H(Me)(CH2OH), O  H), 3.36-3.29 (m,
2H, α-hydroxyl), 2.98-2.66 (m, 8H, H14ab), 0.92 (d, 3H, methyl, 3J 6.1 Hz); MS (FAB) m/z 968
([M+1]+, 100%). Anal. Calcd for C51H61N5O10S2.H2O: C, 61.00; H, 6.52; N, 6.97; S, 6.38. Found:
C, 60.79; H, 6.28; N, 6.47; S, 5.92.
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Chapter 6
SELF ASSEMBLING BEHAVIOR OF GUANIDINE CONTAINING CLIPS
6.1 Introduction
The design of synthetic molecules having nanometer-sized dimensions is currently
receiving great attention as outlined in Chapter 1.1 Self assembly has been recognized as
one of the tools to create nanosized structures and much effort is being directed towards
the development of strategies to achieve control over the size and properties of the
nanostructures. Basket-shaped molecules, derived from diphenylglycoluril have been
shown to be effective as head groups in amphiphilic molecules. Compounds 12 and 23 (In
view of the results obtained with 1 and 2 and the fact that guanidine-containing molecular
clips are now easily accessible, it was questioned whether such clips would self assemble
in water if they were provided with long chain aliphatic tails. Experiments designed to
investigate this aspect are described in this chapter.
Chart 6.1) were found to form different types of supramolecular aggregates in water.
With of compounds 2 the type of aggregate could be controlled by the addition of
alkalimetal ions of different ionic sizes, which were bound in the crown ether rings of the
baskets.
In view of the results obtained with 1 and 2 and the fact that guanidine-containing
molecular clips are now easily accessible, it was questioned whether such clips would
self assemble in water if they were provided with long chain aliphatic tails. Experiments
designed to investigate this aspect are described in this chapter.
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6.2 Synthesis
The guanidine clips 3 and 4 were chosen as the target molecules. They were synthesized
using the procedures described in Chapter 2. Appreciable synthetic difficulties were
encountered in the case of compounds 4.
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Chart 6.2
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The preparation of the precursor disulfur clip and the following substitution reactions
proceeded with low yields, which was probably caused by the long chain aliphatic tails.
1,4-Dihexadecyloxybenzene is insoluble in most solvents and because of this insolubility,
longer reaction times were required. These increased the chance of alkyl phenyl ether
cleavage under the acidic reaction conditions. The reaction could not, therefore, be driven
to completeness. The removal of the unreacted dihexadecyloxybenzene which
contaminated the reaction product required repeated column chromatography. It appeared
that a 1:1 molar mixture of the clip and dihexadecyloxybenzene was soluble in all of the
solvents that could dissolve the clip. The by-product could not, therefore, be removed by
simple filtration or precipitation. Despite the low yields, sufficient material was obtained
for these studies and no attempts were made to improve the synthetic procedure.
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6.3 Aggregation behavior
In a first series of experiments the aggregation behavior of compounds 3 was studied. A
sample of these clip molecules was suspended in aqueous 1M HCl and electron
micrographs were taken by the negative staining and
the platinum shadowing technique. Both compound
3a and 3b were found to give multi-bilayer sheets
which rolled up to form scrolls (Figure 6.1).4
Electron diffraction experiments on the unstained
samples proved that the observed structures were
aggregates and not crystals. Clip 5, which forms
crystals when treated in the same manner, was used
as a reference sample. It showed a hexagonal dot
pattern characteristic of a highly organized
crystalline structure, see Figure 6.2.5
Figure 6.1 Electron micrographs of compound 3a dispersed in aqueous 0.015 M HCl
solution. Left picture negative staining technique, right pictures platinum
shadowing technique. Both right hand pictures clearly show an open scroll
structure as can be seen from the shadows.
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N N
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N
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OMe
OMe
MeO
MeO
n-Bu
5
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Figure 6.2 Electron diffraction pattern displayed by compound 5 , which is
characteristic of a highly ordered crystalline structure (A). Pattern in the
case of compound 3a, a non or less-ordered aggregate structure (B).
A sample of clip 3a was prepared in the same manner as for electron microscopy and
then evaporated to dryness to determine the bilayer thickness. The resulting powder was
analyzed by X-ray powder diffraction. The data revealed a repetitive distance of 40 Å.
This result can be explained if it is assumed that the aliphatic tails of 3a have an
intercalated structure. The clips are probably packed as shown in Figure 6.3 since the
positively charged nitrogen centers will prefer to be as close as possible to the water
surface. The parallel orientation of the cavity containing head-groups will ensure the
closest possible packing with intercalating tails. In the arrangement shown the opposing
clips can self associate to form a multilayer.6
Molecular clips 4 did not form well defined aggregates in aqueous solution. This lack of
organization may be caused by the fact that these molecules contain four aliphatic tails
which is probably excessive and prevents tight packing of the amphiphiles. The
compounds, however, did show liquid crystalline behavior: e.g. compound 4a displayed a
mesophase from 208 °C to 213 °C. A similar behavior has been observed previously for
compounds of type 6 (Chart 6.3).3
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Figure 6.3 Proposed arrangement of the clip molecules in a multi-bilayer of 3a.
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Counter-ions are known to be able to change the aggregate morphology because they can
effect the hydration of the head groups and change the interactions between the
amphiphilic molecules. Previous work with hosts 2 have shown that alkali metal ions in
the aqueous phase can fine tune the supramolecular structure of the aggregates formed by
these molecules.3 It was decided to study the influence of counter ions, including
phenolate and benzoate ions, that could wedge in between the cavity walls and affect the
aggregation behavior of 3.
The following aqueous solutions: hydrochloric acid, sulfuric acid, benzoic acid, salicylic
acid, 3-hydroxybenzoic acid, 4-hydroxybenzoic acid, 3,5-dihydroxybenzoic acid, and
resorcinol were used in this study. Samples of dispersions of the clips 3 were studied
under the electron microscope. Negative staining techniques were used initially and in a
later stage also the freeze fracture techniques on some selected samples.
The results of these experiments are summarized in Table 6.1.
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Table 6.1 Observed morphologies of aggregates of clips 3  in the presence of
different types of solutes.a
Entry Solute Clip 3a Clip 3b
1 HCl scrolls scrolls
2 H2SO4 vesicles vesicles, multilayers and
intermediate structures
3 CO2H no well-defined structures no well-defined structures
4 CO2H
OH
no well-defined structures vesicles
5 CO2H
OH
rods rods
6 CO2H
HO
rods, scrolls and multilayers vesicles, rods, scrolls and
multilayers
7 CO2H
OH
HO multilayers multilayers
8
OHHO
vesicles vesicles
a All solutes were present in a concentration of 0.015 M.
Replacing the chlorine counter ions for sulfate counter ions changed the aggregate
structure from the earlier mentioned scrolls into vesicles (up to 1 µm in size). In some of
the pictures taken from compound 3b in sulfuric acid (entry 2), the clustering of vesicles
can be seen (Figure 6.4 bottom right). Larger magnifications showed that these clusters in
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fact were multilayer structures which were in the process of transformation into vesicles
(see Figure 6.4 bottom left).
Figure 6.4 Electron micrographs of dispersions of compounds 3 in aqueous 0.015 M
H2SO4.
Top: Compound 3a, platinum shadowing (left) and freeze fracturing
techniques (right).
Bottom: Compound 3b, Platinum shadowing technique. The pictures show
the intermediate stage (left) in the conversion from multilayered aggregate
into vesicle (right).
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The influence of the organic solutes on the aggregation behavior of
3 is shown in entries 3-8. Benzoic acid was not capable of inducing
aggregates with a well-defined structure from 3a  or 3 b. The
benzoate anion which is formed probably binds between the cavity
walls to minimize the interaction with the aqueous environment.
The carboxylate function will be directed towards the guanidinium
binding site, leaving the apolar benzene moiety partly unprotected
as envisaged in Figure 6.5. In the discussion of the structure of the
scrolls (vide supra), it is suggested that the open side of the clip is
the polar “head group” of the molecule. When the benzene ring of
the guest is bound on this side, the polarity of this “head group” will
decrease and the tendency to form aggregates will probably be lost.
Compounds 3a and 3b behaved differently with salicylic acid. No
well-defined aggregate structures were formed with the sulfur containing clip 3a, whereas
with clip 3b vesicles of up to 300 nm size were generated when these compounds were
suspended in a salicylic acid solution (Figure 6.6). Assuming that salicylic acid is bound
in the same way as benzoic acid is in the clip (Figure 6.5), the OH function of this
molecule can point either into the cavity or outwards. The orientation pointing inwards
will lead to the same situation as described for the complex with benzoic acid i.e. a
decrease in head group polarity and consequently a lower tendency to form aggregates.
An orientation with the OH function pointing outwards, will ensure that the amphiphilic
character of the clip is retained and the ability of the complex to form aggregates. These
experimental results indicate that the sulfur containing clip 3a does not form well-defined
aggregates whereas clip 3b does. The opposite might have been expected since the
carbonyl groups of clip 3b would function as a better hydrogen bond acceptor. Other
factors not yet understood obviously play a role.
O
O
Figure 6.5
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Figure 6.6 Electron micrographs of 3b in 0.015 M aqueous salicylic acid: platinum
shadowing technique (left) and freeze fracture technique (right).
The effect of the other organic solutes on the aggregation behavior (Table 6.1 entries 5-8)
was the same for clips 3a and 3b. Both clips self-assembled to give rod-like aggregates
with diameters of 50-90 nm when suspended in 3-hydroxybenzoic acid (Figure 6.7). A
range of different aggregate types were obtained in the presence of 4-hydroxybenzoic
acid, e.g. rods, with diameters ranging from 20-50 nm, scrolls, multilayers, and vesicles
up to 125 nm in size, see Figure 6.7. In some cases the formation of a scroll could be seen
at the end of a multilayer (Figure 6.7, 2nd from the top left, 3rd from the top right). A
suspension of the clips in 3,5-dihydroxybenzoic acid induced aggregation into flat
multilayered structures as shown in Figure 6.8.
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Figure 6.7 (A) Electron micrograph of rods formed in the suspension of compound 3a
in aqueous 0.015 M 3-hydroxybenzoic acid (platinum shadowing
technique).
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(B-I)Electron micrographs of the aggregates observed in suspensions of
compounds 3a  and 3b  in aqueous 0.015 M 4-hydroxybenzoic acid.
Note the scroll which is in the process of being formed at the rim of the
multilayer in D and E.
Figure 6.8 Electron micrographs (top platinum shadowing, bottom freeze fracture
technique) of the multilayered structures formed after dispersion of
compounds 3 in aqueous 0.015 M 3,5-dihydroxybenzoic acid. Note that the
aggregates show a tendency to form hexagonal structures.
Resorcinol, being a non carboxylic acid organic solute, was also capable of inducing
aggregation of 3a and 3b. Electron micrographs showed the formation of vesicles up to
500 nm in size (Figure 6.9). It is tentatively proposed that the resorcinol is bound with
one hydroxyl group directed towards the guanidine site and the other hydroxyl group
pointing towards the aqueous phase in these aggregates.
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Figure 6.9 Electron micrographs showing the formation of vesicles after dispersion of
compounds 3 (left and central picture 3a, right picture 3b) in an aqueous
0.015 M resorcinol solution.
6.4 Conclusions
The self-assembling behavior of the molecular clips 3 and 4 is described in this chapter.
Compounds 3 show interesting aggregation behavior, whereas compounds 4 do not
aggregate into well-defind structures.
Aromatic guests appear to have an effect on the aggregation behavior of clips 3 and it is
demonstrated that variations in the substitution pattern of the guest influence the
aggregation.
6.5 Experimental
For the alkylation and modification reactions reagent grade dichloromethane stabilized
with amylene was used, which was dried and stored over Mol. Sieves 4Å.
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Dichloromethane and chloroform used for chromatography were distilled using a rotary
evaporator. All other solvents were reagent grade. Ammonia was dried by passing this
gas through a drying tower containing CaCl2 and KOH pellets. Liquid amines were
distilled from KOH pellets and stored over this reagent. All other reagents were used as
delivered.
Melting points were determined using a Reichert melting point microscope and are
uncorrected. IR spectra were recorded on a Perkin-Elmer IFT 1720 X spectrometer or on
a Bio Rad FTS 25 spectrometer. 400 MHz 1H NMR and 100 MHz 13C NMR spectra were
recorded on a Bruker AM 400 spectrometer at room temperature unless otherwise
specified. TMS (0 ppm) was used as the internal reference for 1H NMR. For 13C NMR
CDCl3 (77.00 ppm) or DMSO d6 (39.50 ppm) were used as the internal references. 90
MHz 1H NMR spectra were recorded on a Bruker WH 90 spectrometer. Mass spectra
were obtained on a VG 7070E instrument. Elemental analyses were obtained on a Carlo
Erba strumentazione 1180CHNS/O elemental analyzer.
Compounds 3 were prepared as described in Chapter 2 and isolated in 56% (3a) and
55% (3b), respectively. Compounds 4 were also prepared according to a route described
in Chapter 2 The atom numbering used in the interpretation of the NMR spectra is given
in Figure 6.10.
compound X Y R
3a S NC14H29 Me
3b O NC14H29 Me
7 S S n-C16H33
8 S O n-C16H33
4a S NH n-C16H33
4b O NH n-C16H33
Figure 6.10 Atom numbering used in the interpretation of the NMR spectra.  The labels
with a prime are only used when X en Y are different. Atoms in the alkyl
chains are labeled with α-ω.
NN
N N
X
Y
OR
OR
RO
RO
1'
2'
1
2 3
4
5
6 7
8 9
10
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H
H
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H
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5,7,12,13b,13c,14-Hexahydro-13-tetradecylimino-1,4,8,11-tetramethoxy-13b,13c-
diphenyl-,cis-6H,13H-5a,6a,12a,13a-tetraazabenz[5,6]azuleno[2,1,8-ija]benz[f]azulene-
6-thione, 3a
M.p. 73 °C; 1H NMR (CDCl3, 90 MHz, 57 °C) δ 7.0 (s, 10H, H8-10), 6.64 (s, 4H, H5,5'),
6.13 (d, 2H, H2a, 
2J 15 Hz), 5.20 (d, 2H, H2a', 
2J 15 Hz), 4.24 (d, 2H, H2b', 
2J 15 Hz), 4.18
(d, 2H H2b, 
2J 15 Hz), 3.79 (s, 6H, 2 x OCH3), 3.77 (s, 6H, 2 x OCH3) 3.66 (t, 2H, Hα),
1.31 (m, 24H), 0.91 (t, 3H) (Hβ-ω); MS (CI) m/z 829 (M
+, 100%). Anal. Calcd for
C50H63N5O4S: C, 72.34; H, 7.65; N, 8.44; S, 3.86. Found: C, 72.42; H, 7.78; N, 8.54;
S, 3.80.
5,7,12,13b,13c,14-Hexahydro-13-tetradecylimino-1,4,8,11-tetramethoxy-13b,13c-
diphenyl-,cis-6H,13H-5a,6a,12a,13a-tetraazabenz[5,6]azuleno[2,1,8-ija]benz[f]azulene-
6-one, 3b
M.p. 161-175 oC; 1H NMR (CDCl3, 90 MHz, 57 °C) δ 7.0 (bs, 10H, H8-10), 6.63 (d, 2H,
3J 9.0 Hz), 5.55 (d, 2H, 3J 14.0 Hz) (H5,5'), 5.39 (d, 2H, 
2J 16 Hz) (H2a,2a'), 4.04 (d, 2H,
2J 15 Hz), 3.95 (d, 2H, 2J 16 Hz) (H2b,2b'), 3.78 (s, 6H, 2 x OCH3), 3.74 (s, 6H, 2 x OCH3),
3.65 (t, 2H, Hα, 
3J 7.0 Hz) 1.34 (s, 24H), 0.92 (t, 3H) (Cβ-ω); MS (FAB) m/z 814 ([M+1]
+,
100%). Anal. Calcd for C50H63N5O5: C, 73.77; H, 7.80; N, 8.60. Found: C, 73.18; H, 7.67;
N, 8.66.
5,7,12,13b,13c,14-Hexahydro-1,4,8,11-tetrahexdecyloxy-13b,13c-diphenyl-6H,13H-
5a,6a,12a,13a-tetraazabenz[5,6]azuleno[2,1,8-ija]benz[f]azulene-6,13-dithione, 7
A solution of 2.1 g (5.1 mmol) of clip precursor was stirred in 10 ml of Ac2O/TFA (1/1)
at 110 °C for 30 min. To this solution was added 6.3 g (11.3 mmol) of
1,4-Dihexadecyloxybenzene and the reaction mixture was stirred for 2 hrs at 110 °C.
After cooling 20 ml of methanol was added carefully (caution: exothermic reaction)
while vigorously stirring. Stirring was continued for 1 h and the product was isolated by
filtration, washed with ether, and purified by repeated flash chromatography (SiO2 60H,
eluent dichloromethane/hexane/ethanol 25/74.5/0.5, v/v/v). After drying in vacuo over
P2O5 1.9 g (1.3 mmol, 25%) of 5 was obtained as a white powder: m.p. 200 °C; I.R. no
carbonyl absorption; 1H NMR (CDCl3, 100 MHz) δ 7.04 (s, 10H, H8-10), 6.67 (s, 4H, H5),
6.24 (d, 4H, H2a, 
2J 15.6 Hz), 4.16-3.91 (m, 12H, H2b, Hα), 1.86-0.88 (m, 124H, Hα-ω); MS
(FAB) m/z 1491 (M+, 100%). Anal. Calcd for C96H154N4O4S2: C, 77.26; H, 10.40; N, 3.75;
S, 4.30. Found C, 77.15; H, 10.56; N, 3.66; S, 3.87.
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5,7,12,13b,13c,14-Hexahydro-1,4,8,11-tetrahexadecyloxy-13b,13c-diphenyl-13-thioxo-
,cis-6H,13H-5a,6a,12a,13a-tetraazabenz[5,6]azuleno[2,1,8-ija]benz[f]azulen-6-one, 8
To a solution of 500 mg (0.34 mmol) of 7 was dissolved in 20 ml of dichloromethane in a
flame dried flask was added under an argon atmosphere 40 µl (1.0 equiv.) of MeOTf. The
mixture was stirred overnight. To the mixture 3 drops of triethylamine and 1 ml water
were added and stirring was continued for 30 min. The reaction mixture was washed with
aqueous 1N HCl and the aqueous phase was extracted with dichloromethane (1x). The
combined organic phases were washed with water (2x), dried over Na2SO4 and
evaporated to dryness. The crude product was purified by flash chromatography (SiO2
60H, eluent dichloromethane/hexane/ethanol 25/74.5/0.5, v/v/v) to yield 450 mg.
(0.31 mmol, 91%)of  8 as a white solid: m.p. 202 °C; 1H NMR (CDCl3) δ 6.95 (m, 10H,
H8-10), 6.57 (s, 4H, H5,5’), 6.06 (d, 2H, H2a, 
2J 15.5 Hz), 5.47 (d, 2H, H2a', 
2 J 15.7 Hz),
3.91-3.75 (m, 12H, H2b,b',α), 1.73-0.75 (m, 124H, Cβ-ω); MS (FAB) m/z 1476 ([M+1]
+,
100%). Anal. Calcd for C96H154N4O5S: C, 78.10; H, 10.51; N, 3.79; S, 2.17. Found
C, 77.93; H, 10.66; N, 3.76; S, 3.89.
5,7,12,13b,13c,14-Hexahydro-13-imino-1,4,8,11-tetrahexadecyloxy-13b,13c-diphenyl-
,cis-6H,13H-5a,6a,12a,13a-tetraazabenz[5,6]azuleno[2,1,8-ija]benz[f]azulene-6-thione,
4a
To a solution of 500 mg (0.34 mmol) of 7 in 20 ml of dichloromethane in a flame dried
flask was added under an argon atmosphere 40 µl, (1.0 equiv.) of MeOTf. The mixture
was stirred overnight (no more than 1 equiv. of MeOTf should be added since this leads
to doubly substituted products that cannot be removed from the desired product).
Ammonia was passed over the solution and stirring was continued for 1 h. The reaction
mixture was evaporated to dryness to yield an off-white solid. The crude product was
purified on a short column (SiO2 70-230 mesh, elution with dichloromethane) to remove
7 and 8 followed by elution with dichloromethane/ethanol (97/3, v/v) to collect 4a as a
white powder. This powder was redissolved in dichloromethane, washed with 3 ml of
aqueous 2N NaOH (2x), and dried over Na2SO4. After evaporation to dryness the residue
was dried in vacuo over KOH pellets to yield 300 mg (0.20 mmol, 61%) 4a.: m.p.
210 °C; 1H NMR (CDCl3,400 MHz) δ 6.96 (s, 10H, H8-10), 6.60 (s, 4H, H5,5'), 5.97 (d, 2H,
H2a, 
2J 15.3 Hz), 5.07 (d, 2H, H2a, 
2J 15.5 Hz), 4.27-3.97 (m, 12H, H2b,b’,α), 187-0.86 (m,
124H, Hβ-ω) the NH signal could not be found; MS (FAB): m/z 1475 (M
+, 100%). Anal.
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Calcd for C96H155N5O4S: C, 78.15; H, 10.95; N, 4.75; S, 2.17. Found C, 77.79; H, 10.80;
N, 4.74;S, 1.98.
5,7,12,13b,13c,14-Hexahydro-13-imino-1,4,8,11-tetrahexadecyloxy-13b,13c-diphenyl-
,cis-6H,13H-5a,6a,12a,13a-tetraazabenz[5,6]azuleno[2,1,8-ija]benz[f]azulene-6-one, 4b
To a solution of 500 mg (0.34 mmol) of 8 in 20 ml of dichloromethane in a flame dried
flask was added under an argon atmosphere 40 µl (1.0 equiv.) of MeOTf. The mixture
was stirred overnight (no more than 1 equiv. MeOTf should be added since this leads to
doubly substituted products that cannot be removed from the desired product). Ammonia
was passed over the solution and stirring was continued for 1 h. The reaction mixture was
evaporated to dryness to yield an off-white solid. The crude product was purified on a
short column (SiO2 70-230 mesh, elution with dichloromethane/ethanol 99/1, v/v) to
remove 8 followed by elution with dichloromethan/ethanol (97/3, v/v) to collect 4a as a
white powder. This powder was redissolved in dichloromethane, washed with 3 ml
aqueous 2N NaOH (2x), and dried over Na2SO4. After evaporation to dryness the residue
was dried in vacuo over KOH pellets to yield 320 mg (0.20 mmol, 64%) of 4a.: m.p.
202 °C; 1H NMR (CDCl3, 400 MHz) δ 6.96 (s, 10H, H8-10), 6.60 (s, 4H, H5,5'), 5.25 (d, 2H,
H2a', 
2J 15.5 Hz), 5.12 (d, 2H, H2a, 
2J 14.7 Hz), 4.16-3.76 (m, 12H, H2b,b’, Hα), 2.02-0.86
(m, 124H, Hβ-ω) the NH signal could not be found; MS (FAB): m/z 1460 ([M+1]
+100%).
Anal. Calcd for C96H155N5O5: C, 79.01; H, 10.71; N, 4.80. Found C, 78.52; H, 10.61;
N, 4.79.
Electron Microscopy
The amphiphile (2 mg) was dissolved in 1 drop of chloroform, dispersed in 2 ml of the
aqueous solution and  the mixture was sonicated at 70 °C for 1 hour. Samples were
allowed to equilibrate for 16 hrs. A drop of the dispersion was placed on a carbon coated
copper grid. After 1 min. the excess dispersion was removed and the sample was stained
with either a 2 weight % solution of uranyl acetate or by shading with platinum vapour.
For freeze fracturing a drop of the suspension was placed on a golden microscope grid,
placed between two copper plates and fixated in liquid propane. Sample holders were
placed in a Balzers Freeze etching system BAF 400D at 10-7 Torr and heated to -105°C.
After fracturing, the samples were etched for 1 min. (∆T = 20°C), shaded with platinum
(2 nm) and covered with carbon (20 nm). Replicas were allowed to warm up to room
temperature, left on 20% chromic acid for 16 hrs and rinsed with water.
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Electron Micrographs were taken with a Philips 201 TEM electron microscope. Electron
diffraction experiments were performed on a JEOL 100 CX TEM electron microscope.
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Summary
This thesis describes the modification of the binding sites in molecular clips derived from
diphenylglycoluril and the physical properties of these modified clips. Previous work had shown
that diphenylglycoluril is a versatile framework for the construction of synthetic receptors, e.g. 1.
Prior to the work described in this thesis, the affinity of the receptors for guests molecules  (e.g.
resorcinol), could only be modified by attaching substituents to the cavity walls of the clip or to
the guest. In certain cases, however, such modifications are not possible due to restrictions
implied by the desired application. Modification of the hydrogen bonding urea sites of the clips
was recognized as an alternative method to adjust the strength of the host-guest  complex.
In Chapter 2 the introduction of thiourea and guanidine binding sites to the clip molecules is
described. Direct conversion of urea into thiourea or guanidine functions was found to be
impossible. The molecular clip 2 with thiourea functions could be synthesized from the known
diphenylglycolurildithione 3. The thiourea functions can be selectively transformed into urea or
guanidine groups resulting in the formation of the clips 4-6.
X Y
1 O O
2 S S
4 S O
5 S NR
6 O NR
7 O CH2
The reduction of the urea binding sites in the clips to aminal functions is described in Chapter 3.
Reduction of the first urea site proceeds smoothly under mild conditions to yield clip 7, but
reduction of the second urea site requires more forcing conditions and can only be achieved in
low yields due to a side reaction (dealkylation of the cavity walls).
The binding properties of the new clips were evaluated in complexation experiments with the
reference guest resorcinol. The results of these experiments are reported in Chapter 4. The
thiourea binding sites decrease the hydrogen bonding to the guest, as expected. The opposite is
observed for the unsubstituted guanidine binding sites. Aliphatic chains that are attached to the
NN
N N
X
Y
PhPh
OMe
OMe
MeO
MeO
NHHN
HN NH
S
S
PhPh
3
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guanidine nitrogen atom to increase the solubility of the guanidine containing clips and their
salts, surprisingly decrease the efficiency of the clips as host molecules. NMR experiments show
that this decrease in efficiency is caused by folding of the aliphatic chains into the cavity, making
it inaccessible to the guest molecule.
Protonation of the guanidine site has a negative contribution to the binding efficiency. Reduction
of one of the urea sites to an aminal function has an equally negative effect on complexation. One
of the aminal hydrogen atoms in the reduced clip appears to be directed toward the inside of the
cavity, which, as in the case of the guanidine clips with aliphatic tails, prevents the guest from
entering the cavity.
The effects of the different binding sites on the complexation of resorcinol is summarized in
following table.
Previous studies have been focussed on the use of diphenylglycoluril-based basket compounds of
type 8 as chiral catalysts in tertiary amine catalyzed reactions. The compounds are capable of
converting substrates but without any chiral induction. X-ray studies, together with NMR
experiments and theoretical calculations, have suggested that this lack of chiral induction is
probably caused by intramolecular hydrogen bond formation between the chiral side chains of 8
and the urea sites of the glycoluril framework. The chiral groups are not in the vicinity of the
reaction center because of this intramolecular hydrogen bonding.
Binding site Contribution to binding, ∆G (kJ/mol)
C=S 0
C=O 4
C=NH 9
C=NR 0
CH2 -2
C=NH2
+ -3
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N
N N
N
O O
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Ph
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O
O
O
N
O
O
O
O
N*R R*
Chapter 5 describes the introduction of thiourea binding sites in basket 8 with the purpose of
achieving  a more favorable orientation of the chiral side chains in the complex of the basket with
the substrate. In contrast with the experiments in described in Chapter 2, the thiourea binding
sites were found to be converted back into urea binding sites relatively easily. This increased
reactivity of the thiourea functions is ascribed to the possibility of intramolecular activation by
the alkyl iodide functions. The exchange of the thiourea by the urea sites results in a complex
reaction mixture, making the purification of the desired product difficult. NMR experiments with
the thiourea-containing basket shows that the chiral chains in the free host are available for
inducing asymmetric catalytic reactions, but for the complex with the substrate the reverse is true.
In Chapter 6 experiments aimed at introducing lyotropic liquid crystallinic properties in the
receptors are described. A long aliphatic tail is attached to the guanidine binding site of clips 5
and 6 to achieve this, which results in the formation of aggregates after dispersion of these
compounds in water. The structure of the aggregates can be changed by carrying out the
dispersions in aqueous solutions containing aromatic guests. It is demonstrated that the
substitution pattern of the guest influences the type of aggregate that is formed.
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Samenvatting
Dit proefschrift beschrijft de modificatie van de bindingsplaatsen in moleculaire clips gebaseerd
op diphenylglycoluril en de fysische eigenschappen van deze gemodificeerde clips. Uit eerder
onderzoek was gebleken dat het diphenylglycolurilskelet een goede basis vormde voor de
constructie van synthetische receptormoleculen zoals 1. Voorafgaand aan de in dit proefschrift
beschreven studies, kon de affiniteit van de receptormoleculen voor gastmoleculen zoals
resorcinol slechts worden gestuurd door substituenten aan de wanden van de receptor of aan de
gast te bevestigen. Voor bepaalde toepassingen van de receptormoleculen bleken de
keuzemogelijkheden voor deze substituenten beperkt te zijn. Aanpassing van de ureumgroepen,
die waterstofbruggen vormen met de gast, werd daarom als een aantrekkelijk alternatief gezien
om de bindingssterkte te sturen.
In hoofdstuk 2 wordt het invoeren van thioureum- en guanidine-bindingsplaatsen in de
clipmoleculen beschreven. Directe transformatie van de ureumgroepen in thioureum- of
guanidine-groepen bleek onmogelijk te zijn. Moleculaire clip 2, die twee thioureumgroepen
bevat, kon echter worden gesynthetiseerd door uit te gaan van het in de literatuur reeds
beschreven diphenylglycolurildithion 3. De thioureumfuncties in dit molecuul konden selectief
worden omgezet in ureum- of guanidine-functies, hetgeen resulteerde in de synthese van clips 4-
6.
X Y
1 O O
2 S S
4 S O
5 S NR
6 O NR
7 O CH2
NN
N N
X
Y
PhPh
OMe
OMe
MeO
MeO
NHHN
HN NH
S
S
PhPh
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De reductie van de ureumgroepen in de clips tot aminaalfuncties wordt beschreven in hoofdstuk
3. De reductie van de eerste ureumgroep verloopt onder milde condities en leidt tot de vorming
van clip 7. De tweede ureumfunctie kan slechts onder vrij forse condities en in lage opbrengst
gereduceerd worden, ten gevolge van de nevenreacties die optreden (dealkylering van de wanden
van de holte).
De bindingseigenschappen van de nieuwe clips werden onderzocht in complexerings-
experimenten met de referentiegast resorcinol. De resultaten van deze experimenten staan
beschreven in hoofdstuk 4. Zoals verwacht, vermindert de thioureumfunctie de waterstof-
brugvorming met de gast. De ongesubstitueerde guanidinefunctie daarentegen versterkt deze
waterstofbrugvorming. Geheel onverwacht bleek dat alifatische ketens aan de guanidinefunctie
de bindingseigenschappen van de receptormoleculen sterk doet verminderen. Uit NMR-
experimenten bleek dat deze afname van de bindingssterkte wordt veroorzaakt doordat de
alifatische ketens zich in de holte vouwen, waardoor deze holte niet meer voor het gastmolecuul
beschikbaar is.
Protoneren van de guanidinefunctie beinvloedt de complexvorming in negatieve zin. Reductie
van een van de ureumplaatsen tot een aminaalfunctie heeft eveneens een negatieve invloed op de
complexvorming. Een van de waterstofatomen van de aminaalfunctie blijkt naar de holte gericht
te zijn. Hierdoor wordt  de holte ontoegankelijk gemaakt voor het gastmolecuul net als in het
geval van de clip met een alifatische keten aan de guanidinefunctie.
De invloed van de verschillende typen bindingsplaatsen op de bindingssterkte voor resorcinol is
samengevat in onderstaande tabel.
Eerdere studies waren gericht op de toepassing van mandvormige moleculen (zoals 8) als chirale
katalysatoren bij reacties die door tertiaire amines worden gekatalyseerd. Omzettingen bleken
Bindingsplaats Bijdrage aan de binding, ∆G (kJ/mol)
C=S 0
C=O 4
C=NH 9
C=NR 0
CH2 -2
C=NH2
+ -3
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mogelijk te zijn met dit soort moleculen, maar er werd geen chirale inductie gevonden. X-ray
studies, NMR-experimenten en theoretische berekeningen suggereerden dat dit veroorzaakt wordt
door waterstofbrugvorming van de hydroxylfuncties van de chirale zijketens in 8  en de
ureumcarbonylgroepen van het glycolurilgedeelte. De chirale groepen kunnen zich daardoor niet
in de buurt van het reactiecentrum bevinden.
8
N
N N
N
O O
Ph
Ph
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O
O
O
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N*R R*
Hoofdstuk 5 beschrijft de introductie van thioureumfuncties in verbinding 8. Hiermee werd
gepoogd de chirale zijketens in een gunstiger positie te krijgen voor een reactie met het substraat.
In tegenstelling tot de resultaten beschreven in hoofdstuk 2 werden de gevormde
thioureumfuncties zeer gemakkelijk omgezet in ureumfuncties. Deze toegenomen reactiviteit van
de thioureumfuncties wordt toegeschreven aan intramoleculaire activering door de
alkyljodidefuncties. Deze activering vindt plaats tijdens de sluitingsreactie van de
kroonetherringen. Als gevolg hiervan wordt een complex reactiemengsel gevormd, waaruit het
gewenste produkt moeilijk te isoleren is. Uit NMR-experimenten met de thioureum bevattende
mandvormige moleculen, blijkt dat de chirale zijketens beschikbaar zijn voor chirale inductie in
geval van het vrije mandmolecuul. In het complex met het substraat blijkt dit echter niet het geval
te zijn.
In hoofdstuk 6 worden experimenten beschreven die gericht zijn op de introductie van vloeibaar
kristallijn gedrag in de guanidine bevattende clipmoleculen. Om dit te bereiken werd een lange
alifatische keten aan de guanidinegroep in clips 5  en 6  bevestigd. Dit resulteerde in
aggregaatvorming na dispersie van deze verbindingen in water. De structuur van de aggregaten
kon worden veranderd door de verbindingen te dispergeren in water waarin verschillende typen
gastmoleculen zijn opgelost. Hiermee wordt aangetoond dat het substitutiepatroon van de gast het
gevormde aggregaattype beinvloedt.
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